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The objective ,)f the Orbit Transfer Vehicle (OTV) engine study was to provide pare-
metric performance, engine programmatic, and cost data on the complete propulsive spectrum
that is available for a variety of high energy, space-maneuvering missions. The OTV is planned
as a high-performance prt)pulsive stage which can be used. in conjunction with the Space
Shuttle, to deliver/support large I)ayhmds.platforms to geosynchr,')nous earth orbit (GEO) and
other (,rhits be.wind low earth orbit (I,EO). Its role is similar to that of the "full capability"
Space Tug defined in 1974 with the primary dilference that the OTV will eventually he
man-rated. This engine study was c_mducted to satisfy a set of technical requirement_ derived
arc)und the OTV system tc provide both engine system parametric data and preliminary
engine designs.
This study addresses the I)rtq)ulsion system spectrum by ctwering candidate OTV engines
fr.m the near-lerm RI.10 (and its derivatives) to-advanced high-pertormance expander and
staged-c.mbustitm cycle engines. A study plan flow diagram identif.ving program objectives is
shown in Figure I-1. The RLI()/RIA() derivative performance, cost and schedule data were
updated :rod prc_visi_ms defined which wuuld he necessary to accommodate extended
h,w-thrust _q)er_di.n. Parametric perfi_rmanee, weight, envelope. 0nd cost data were generated
fi)r _ldvanced exl)ander and staged-comhusti.n OTV engine c_,ncepts. A prepoint design study
wals c.ndtwted t. _.plimize thrust chamber get,merry and ce_)ling, engine cycle variations, and
ecmtr.ls I_r an adv_mced expander engine. Operati.n at low thrust was defined fi,r the
advanced expander engine and the feasibilityand design impact ()f kitting was investigated. An
analysis .f crew sali,t.v and mission reliability was conducted fi_r both the staged-c_mbustitm
and advanced expander OTV e_:gine candidates.
The schedule followed by Pratt & Whitney Aircraft during, the performance of these
activities is slmwn in Figure I-2. Results of the stt'dy are detailed in the billowing sections of
this rep.rt. Engine definiti_m and requirements art pr_,vided in .qecti_m 2. parametric studies
art, di..cu_sed in Secti.n :_. and .qections 4 and 5 present the advanced expander engine
oplimiz_ti_,n and h,w _hru._t operati_m, respectively. Crew safety and engine reliahildy are
(li:-cur, spd in ,'qecti(m _ wit h engine pr,_gram plans and estimated costs in .'qection 7. ('_melusions
aml rec_mmen(lati_wts are presented in .'-:,eclions 8 and ,%
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SECTION 2
BASELINE ENGINES
2.0 GENERAL
Three of tile engines defined under ('ontract NAS8-28989 (the RLI0 Derivative IIA, IIB
and Category IV} were updated during this study. In addititm, the Derivative tIC was added to
provide data on a moderately high-perfi_rmance engine for use in an early operational orbital
transfer vehicle (OTV). Further, the Advanced Expander Cycle engine which is a new "1980
state-of-the-art" high performance OTV engine candidate, was added. The primary technical
aspect of the lit,it) derivative engine updating is related to the predicted specific impulse
values for che engines. Since the previous study was completed in 1973, testing with LO:/LH_
of high-area-rati_ nozzles (the ASE at 1"/5 to 1 and 400 to 1 and the I-ILl0 at 2u5 to I) has
indicated that the accepted JANNAF procedures (see Figure 2-1) for predicting engine specific
impulse are c.nservative. Figure 2-2 presents a comparison of JANNAF-predicted performance
and test data at a mixture ratio of 6 to I. Figure 2-3 presents this data as a ratio of mea-
sured-tt_-predieted specific imp.lse and shows an apparent correlation of the difference with
nozzle area ratio (approximately a 1.3', errc_r at the 4(KI to 1 area ratio data pointL It is
prol)ahle that this difference is due tel difficulties in accuralely predicting boundary-layer loss
characteristics -f high-area-ratio nozzles. Since the engine: of this study all have high area
ratio nozzles (up to approximately 9(_0 to l) it was desirabl. • to use a perh_rmance prediction
technique which pr.vided a better corn, lati.n with the measared data if po_sible. It was found
that replacing the BI.IMP nozzle boundary-layer-loss procedure with a simplified procedure
l'tJr calculating n¢,zzle wall friction loss as a function of Mach number and gas properties
pr_thwed such .'l result. This siml)lified procedure produced results averaging approximately
0.2', greater than the measured data (worst case 0.42', ) and did not correlate with nozzle area
rati. (see Figure 2-3). This technique was used for all sl)ecific impulse predictions of this study
inch,ding an atljustmeni of -0.2',.
Additionally, the weight of the updated engines was adjusted to refh'et the use of a
cari)o-c_.npc_site ratliati_m-c_.led extendible nozzle rather than the sheet-metal dump-cooled
design used in the previ_ms study. The baseline engine design point characteristics _)f each
engine at 15.tm(_ Ih thrust are summarized i,t Table 2.1.
A general deseril)li,m ,,f" the perhwmance and operating characteristics _f the baseline
RI.ILt I)erivativc IIA. liB. ll(', ('ateg.ry IV and Advanced Expander ('ych, engi,ws are given in
I .
the l_fll.win_parat.:ral)hs. A tn.re detaih.d des¢'ril)lion t)t' these e'ngtnes texcept the l)erivative
!1(" .,ld the :Mha,wed Expander ('yclel may Iw f,,und in P&WA Rept,rt I"R-(;011. "Design
Study-I }(!.10 Iterivatives, Final I{el)ort. 15 I)e('emb('r 1972."
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Engine Slmulat_on ]
Mass and EnergyBalance
I Energy Relsose _,. Combusl,onand Combust=on LOSS
J Characteristics
t
One DJmensqonal | Ideal
Equ brum Programj t='- Impulse
t
Des0gn Program
Kinetics Program LOSS
t
I T.oO,monsiona,_.. O,vergenceEquihbnum Program LOSS
Boundary
BLIMPProgram Layer Loss
• Designates JANNAF Computer Programs
(1) Engine S_,eady-State Computer Program
(2) Pred0cted Using Techniques and Programs Developed
During Prewous Rocket Engine Programs
(3) Program Developed at P&WA for Bell Nozzle Design
Uses Method of Characteristncs Calculations
_O IMN_
Fi_,ure 2- I. Pcr/orrnance lYediction [5"oglrarns
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TABI,E 2-1. BASELINE ENGINE DESIGN POINT CHARACTERISTICS
r.)erioo#iue l}erieotice Derit'ottpe Calegory Adt_nged
IIA liB IIC I V Expander
Full Thrust (vac), [h 15,000
Mixture Ratio. Nominal 8,0
Chamber Pressure, i_ia 400
Specific lmpul_, k..c 459.8
Required Inlet Cnnditiona (Full Thrust)
Fuel, NPSP. psi 0
Oxidizer, NPSP. psi 0
In.tailed Length, in. 5.5
Weight, lb 431
Nozzle Area Ratio 205
Engine Life, Yirings/hr 190/5'
Engine Conditioning Tank-Head
Idle
Maneuvering Thrust Capability Yes
(pumped idle)
Development Program
Time t,u FFC. Mo. 64
Cost. $79M* I00
"Including pn,_.lhmt ('_t. ,_.'ith,,ut Fee
I. Time Between Overhauls (TBOI
2. Expendable Mission
.q. Design TBO
I$,0OO 15,000 15,000 15,0OO
6,0 6.0 6.0 6.0
400 4OO 915 1505
459.8 458.6 471.7 442.0
0.5 2 0 0.5
4 4 0 I
55 ,55 55 60
392 374 371 391
205 205 ,388 640
19015' 10/1.25: 300/I0' 300110'
Tank-llend Overboard Tank-Head Tank-Head
Idle Dump Idle Idle
Cooldown
'Yes No Yes Yes
58 37 80 89
79 21 157 243
2.1
55 in.
RLIO DERIVATIVE IIA ENGINE
Thrust
Chamber Pressure
Area Ratio
Is 0
Operation
Conditioning
Weight
Life (-[80)
DDT&E Cost
: 15,000 Ib
: 400 psia
: 205
: 459.8 sec at 6.0 M R
: Full Thrust
(Saturated Propellants)
: Maneuver Thrust
(Saturated Propellants)
: Tank Head Idle
: 431 Ib
• 190 Firings/5 hr
: $100 Million
* ii i i
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2.1.1 Dofinition and Requirements
The RI.I(J Derivative IIA engine is derived from the basic RLIOA-3-:_ but has increased
perfi,rmance and ,)perating flexibility for use in the OTV. Wilh a nominal full thru.qt level of
15.(_.,) Ih (in vacuum) at a mixture ratio of t;.0:l, the Derivative IIA engine is defined as an
RLI()A-?,-:; with the h)ll<}wing changes:
|. 'l'w<_-l_Jsition nozzle with recunt.ured primary section to give a large
increase in specific imptdse with el_gine in:tailed length no greater than
the I{LI{)A-;+,-3 (71_ in.). With a trum;_ted tw.-pt_+.iti.n nozzle installed, this
ent.ine can be installed and tested in the existing test facilities at
I'&WA/(;Iq).
2. Injector re<_ptimized f.r operatiq,n at a lull Ihrust mixture ratio of 6.0:1.
3. Tank head idle (TFtl) capal,iliti_... _hete the engine is run pressure fed
withotn! ils turl)tq}ump r.talit_g ,+n i_r,,pt.llants stnpldied from the vehicle
tanks at saturation I)res..ure. l'rtq>ell,mt t',,ndltiuns at the engine inlets can
vary from superheated yap.r, throttgh mixed phase, to liquid. The objec-
tives are to supply low thrust t. _.etth. xehicle propellants and also to
obtain useful impulse I'r<ma the pr, qwllants used to ¢<mdition the engine
and vehicle feed system+
4. Ol>erati(m at h)w thrust in pumped m_nte (maneuver thrust) but without
significant impact on the engine's design. This thrust level was selected as
25' of full thrust in the previous study.
5. "I'w_)-pbase ptlml)ing capability, alh)wing operation at both full and maneu-
ver Ihrust levels with saturated pr.pellanls in the vehicle tanks and with
no tank pressurizatiun system or vehicle-mounted ht)ost pumps.
6. (?apal)ility fl_r both H: and O, attt<)genous presstnrization which may be
require(I on very hmg burn missimas in order t(_ avoid excessively low
propellant val)_)r pressure.
2.1.2 Doscrip/ion
The general arrangement of the RI+I0 Derivative IIA engine is shown I)y the installation
draw;--,,s in Figures 2-4 and 2-5. This engine is interchangeable with the RI+IOA-:_-:{ except fur
the la,,.._r di_ttncler of the i)r<}pellan! inlet valves and the shorter distance between the inlet
valve interfaces and the engine reference plane.
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Figure 2-4. Derit'atit'e IL4 Engine Installation Drawing (Sheet 1)
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The prindpal components of this engine are shown in Figure 2-6. To be able to pump
two-phase propellant.% larger inlet shutoff valves, a redesigned fuel high-speed inducer (which
is based on the RI.10 Mod 2 design), and a new gear-driven oxidizer low-speed inducer are
required. To avoid changing the location of the engine/vehicle propellant system interfaces, the
oxidizer pump and its shaft are rotated through 180 deg. This arrangement is illustrated by
Figure 2-7 which compares the RLIOA-3-3 and Derivative IIA turbopumps. The fuel pump
interstage chilldown valve is deleted, since the engine is conaitioned by running in TH! mode.
A GO, heat exchanger, GO, control valve and turbine bypass valve are added to enable the
engine to run in THI. Fuel and oxidizer tank pressurization valves are added to give
autogen(ms pressurization capability. Additional solenoid valves and modifications to thb
oxidizer flow control valve and thrust control valve give the engine its capability to operate in
three rm_des. A dual exciter gives improved ignition reliability in THI. The primary nozzle is
recontoured and a jackscrew-operated, two-position, radiation cooled extendible nozzle is
added. The primary nozzle exit diame' _r is fixed at 40 in., since this is the limiting diameter
for the extendible nozzle to be retracted over the engine's power head and is also the largest
size which allows installation with a truncated extendible nozzle in P&WA/GPD E-6 and E-7
test stands. The injector is reoptimized to give improved performance at a mixture ratio of 6.0.
The engine maintains the same design margins as the RLIOA-3-3 engine since the chamber
pressure level remains unchanged and the turbopumps are basically unchanged.
The dry weight of the engine and its subassemblies are summarized in Table 2-2. Of the
total engine weight of 431 ;b, 35% consists of the weight of the existing hardware, 57% is
calculated from layout drawings, and 8% is estimated.
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Figure 2-6. RLIO Derivative 11,4 -- Propellant Flow Schcmatic
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Fuel Pump _----Fuel Pump Drive
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• _'_ . --_ _ Drive Gear
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Figure 2-7a. Rl.lOA-.'t-.'¢ ?',rb,pump A._semhl_ Sh,,n in C, mparison With
lh'rirativr IIA "l'urb.mact.ner_ _Rv/rr to Figure 2-7b)
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TABLE 2-2. RI.10 DERIVATIVE IIA ENGINE
WEIGHT
Turbopuml_ and (;earboz 99 Ib
Thrust Chamber and Primary Nozzle 110 Ib
Eztendible Nozzle Actuatit,n System 40 lb
Extendible Nozzle 25 Ib
GO: Heat Ezchanger 13 Ib
ControLs. Valves & Actuator1 8,3 Ib
Plumbing and Miscellane_ms Hardware 46 Ib
Ignition System 15 Ib
431 Ib
2.1.3 Operation and Performnnce Characteristics
2.1.3. I Operation
Tim t.ngi.e is started in Till mode. with prq,i)elhmts SUl)l)lied in vatmr, mixed. _)r liquid
l)ltascs.
XVilh the inlet shul.lf valves _qmn. fuel llc,_,.s Ihr.ugh the pump, Ihe Ihrusl ch:unl)er
c_H_ling jacket, around the lurhine, thr, mgh the (;(): heal exchanger, and intc_ the main injector.
.qlmilarly. the q_xidi:n,r ll._s Ihn_ugh Ihe pump. and with Ihe oxidizer II_)w control valve .,.hul.
all Ihe ll.w g.(,s thr.u,.:h Ihe heal exchanger to the injector. The cqwrating c.ndilit_ns sh_,wzl
on Figure 2-_ are for a thermally c.ncliti4med engim, with liquid l)rOpt'lh.tls supplied at l(i
p._ia.
Figure 2-8. RI, IO l)('riuatit,e IlA i'n_pellant Fl,m" Schematic -- 7b,h lh'_:d ldlc
Mode
After Imml) c')nditioni._ has been c,_ml)leted in_ THI m,,dc, the engine is ready t_) be
hr_ught 1. it_ mane =ver I]zrHM level f,)r h.w A\" maneuver_ (Dr a_, a .',to I) on i1_ acceh.n_ti.n to
full thrust. 'I'o>.tartthe lHrh_,iHnml_._' the main fuel shut.ft v:_b.e i.__q_t'ned. ilt1_.|the turbine
I)','I)._,_'va!ve i_ _h.-..d m_uz_enlari],,.Io gi'.ca high initialIHrhli:e l,.ra.iHeilrl_[i,'-;lhen re_q)em,d t.
lh(' lllilll('llV(.rth m, t po'.ilion, l:i_:ure2-!) .',h.w..,lhe engiae _q)(.ratin_ iii maneuver lhrH.,,t.
12
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Figure 2..9. RLIO lJeriuatice IIA t_'.pellunt Fbm Schematic -- Maneucer
Thru._t
lty ('hr, ing ihe lurhine le.'lla_ valve, the ezli:ilw i_, acceh.raled to full lhru_l. At atl_lul !ill',
ill full lilrti.,,l, lhe Ihru_,l i'lmllld valve lltll, ii_ Io re(lu('l, Ihru,,l _ver.,.hln_l. ()lleralh_n ifl Ihe
eil_ille a full IhruM and Ii.il inixluri, rail. is ._tllJv.ll hi t"igure 2.1il.
-t R,,
Fi_,ure 2-10. RI.!t) lh'ricatice IL.1 l*ropeltatlt Flow Nrhemr_tic -- [)dl 7"tm_._t
(M R = 6. nj
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2,1.3.2 Porformance
The steady-state perfi_rmance characteristics of the RL10 Derivative IIA engine are
summarized in Table 2-3.
TABI.E 2-3. PERFORMANCE CHARACTERISTICS OF RLI0
DERIVATIVE IIA ENGINE
OpcratiaR Mode Tank Head Idle Maneucee ThruJt Full Thru,t
Thrust, Ib I_0 3,750 15.0CK)
Mitture Ratio 4.0 60 60
Chamber Pressure, psia _.1 102 400
Speczf,¢ Impute. a_c 4,38 446 459.8
Fuel Turb,,pump 0 13,564 28.570
Sp_ed. rpm
O=ldizer and Fuel i'u_p > 16 p,da :> I0 p4ia. > 10 pare.
Inlet Condition iamda (Superheated, <:';'0% Vapor <40% Vapor
mi_ed pha_._
or liquLd)
2.1.4 Programmetics
2.1.4. I Engine Development
The t(,tal devel.pme.t pr.gram _ith.ut predevelopment activity for Ihe baseline De.
riv;r_rve IIA engine will require a 61-m.nth design, f.brication, and test effort. This effort will
enc'.mpa_.s three de..igTl, hudd, te_t cycles t_)Fi,ml Flight Certification (FFCI. Figure 2-11 shows
the devel.p,nent schedule and present.,, the m:,ic)r I)r_gram miwstones and key decision points
as well as the h_tal des'ehqm_eat i)r.gram. The t,,tal devel.pment funding requirements and
cost breakdl_wn t)y luiwlilbll ;ire given in Figure 2-12.
The total and de_.ign vurilhati.n dew.h)pmcnt programs (includil|g propellant costs) are
summarized in Table 2-.I.
2.1.4.2 Production Engine Cost
The estimated first unit cost of a Derivative llA pr,_duction engine is $1.56 million.
2.1.4.3 Operetionel end Flight Support CostB
_tlmmary of ('¢_,,,ts:
Missi.ns per year 15 30 45
Total co,',ts fi)r 12 years $ ['_. ".ran 78.2 86.0 102.7
'I'AFII.E:? I SI:MMARY OF TOqAI. AND DE.qI(;N \'El{I.
I.'I('ATION I'RO(;I¢AMS, I¢1.I0 I)EIilVATIVE IIA
T.tal Desil_n At/nuance [,,r
l)ecelapment -- t'ertflcatloa -- Rcd.'.,tlZa and
I%,gt.m I_p.gram ]¢_'t.,'rl/lcatt,,n
F_|uP,'alent Sets of t'_ngmes 2G 10 = 16, (61.fi',)
F;r,gine Hudda and Het_uilds 90 -- ,5.fl -- .72 ¢.'_A5%t
Englrte "l'eMS I'Lr_l -- 5fg} _ .qtW313S',)
Ilural_m _(_FF(" in ,M,,nlha 64 - _ = 8 (12.h', I
_',,tal ('_,st. $ M_lh,,n .... LJ99 - ,_,9,7 - .$1",2 J4,_2", )
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2.2 RL10 DERIVATIVE lib ENGINE
uperation
_v Conditioning
Weight
Life (TBO)
DDT&E Cost
Pratt & Whitney Aircraft Group
FR-1316_
Volume ]l
: 15.000 Ib
: 400 psia
: 205
: 459.8 sec at 6.0 MR
: Full Thrust (Low NPSH)
: Pumped Idle
(Saturated Propellants)
: Tank Head Idle
: 392 Ib
: 190 Firings/5 hr
: $79 Million "/
i l
FD 754_2¢1
Th¢' lll,lnl)t,ri_ti+.'cllI_,i>,.,.imil_trh, lit(,l)vriv_,li',vIIA ¢,n_i,lvexcept thal it(l.rsm_l
hm,'_,lht+rt.qt=ilem<.,=ll.r lw.-ph;i...++,pUml_iil,_c.'qmhililyal lulllhrtlst."l'hcrel.rc.Ibis,stlm-
m;iry will e,nph;=:Jze Ihl_st, a_l)(,cls of Ihe lit.rivalive lib t,ll,i=., _hich dilTer lr.',l ti_.e
I)criv;_tivc llA.
2.2.1 Definition and Requirements
The lit.H) lh,riv+Itivc Ill+ is <h,l'im.d =t_ lht, hasic RI.IIIA+;{.:+ t, i1_inv with lhc l'.lh,wizlg
ch.n_e_:
I. 'l'w.-t.,..iti,,tt ut,zzh, v.ith rc_.'tmtt,ttrc(l print;try ..+,(,cliol+t
'2. l{e.ptimized i.ject.r
:t. 'l'+ulk h,,;_d idh' m<+dv
I. lh,mpt.d i<lh' m.dc. with .+.,+,lur,lh,<l l)r.p,'lhH+l+ in v,'hich, t;u_k+. +rod
h.<d+Ir;q+ ;IilI,zL_I'II=_II_. prt'.'+.,.,-41riT:lli,+|l. 'l'hi,_ .;<.h, ,,t <.l)+.'r;ltiOl_ all,,,,.'s, the
l{l.lU\ :._:; l'_iH ,,I"Nt;=lt.ri;ll l;l_l'_,,l+t_t+'=1) I_ l)t" r_zn +t_l ;t__.lll'It+.'i_'|111vI¢)_._.*
+_l_,_'Hl;vll+,r_, it,l'l.l)lt,..._tlriz;llioll>t l+t.H,_litl_ l_l+ lht, l)n+l_t ll,=I+t_,,=_ lht + l:,tllnl)
elr'.in,"+l',Illhru..lptlml_ inh+llw! p+r-;ilivt,+. :.lhull.,:_dt\l','-;,llirHluirt,
I., +_I.. t..h,r,..t,_t.h,r;_tiu_ t,, l_tll thrti>-.l.
2.2.2 Desu_pt,on
'rh_ _:,._.r;,l ;Hr;llly_.l+l=+lll ,+f lht + ]+_l.lt) ]+,,,iv;_+iv, ` llltJ ,,=z_:im, is., _.h,,x_= i_z lht. ill'q;*ll:lli,,II
[Ir+zv. iI+++.'- ilZ l'=_u_'t.>. '2 I'.+ ;tlzll '2-] I. 'l'hi_. t'll._+tlt' +-, i_+l_,rch;Hwt';lhlt' v, ith the' I+I.I*LA ;+-;L
Pratt & Whitney Aircraft Group
FR-13168
Volume II
ENGINE
REFERENCE PLANE
110
i
GIMBAL- 71DIA
13.0
Figure 2.13.
¥0 Fto4_
l)eric'atice lib En_,,ine In,stallation l)rau'ing (Sheet 1)
FUEL INLET
EL(CTRIC AND PNEUMAT_
INTERFACE
INLET
ACTUATOR
ATTACHING
FI) 72045A
Figure 2-1.I. l)c,rieizti('l' lib Fngim' hzstallaticm l)raz,,ing (Shc,'t 2)
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The principal components ()f the RI,10 Derivative IIB engine are shown in Figure 2-15.
This engine uses the RI,10A-3-3 Bill-of-Material turl)opump and inlel valves but in other
respects is e._sentially the same as the Derivative lIA engine, lake the i)erivative ]IA engine,
this engine also maintain_ the RLIOA-3-3 engine design margins.
The dr,," weight of tim engine and its subassemblies are summarized in Table 2-5. Of the
.L)_ It), 44', is weight of existing hardware, 43', is eah'ulated fromtotal engine weighl of ' (')
layout dtawir, gs. and 13', is estimated.
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bTgure 2-15. RLIO Derit,atiue lib Propellant Flow Schcmatic
TABI,E2-5. RI,IO I)ERIVATIVE IIB ENGINE
WEIGHT"
Turin,pump and (;eatl_,x "/9 In
Thrust ('hamber and Primary Nnzzle 110 In
Extendible Nozzle Actuator System 40 Ib
Extendible Nozzle 25 Ib
GO_ Ileal Exchanger 13 Ib
Controls, Valvea & Aetu, tors 66 Ib
Plumbing and Miseellammm Hard,,,,'a_e 44 Ib
Ignition SyMeln 15 Ib
Total Dry Weight 392 Ib
2.2.3 Operation and Pertormance Cha:acterisiica
2.2.3.1 Operation
The .l)erati()n of this engine is basically the same as that of the: I)erivative llA. and
l)r(q_el]ant settling and engine therm;d c, mditi()nin.; it) 'FHI is carried _ut in the same manner.
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Further analysis of l{l.lO ilunu) cavihdi<m d+lta <'arried c_ut duri.g the 197:1 .,,t0dy .,.htbw(,d
that tile l_,ill-4,f-Materi+d inducers c.uhl Ire tqlt'ralt,d at welt over 20', .f full thrust with_ut tile
pr.I)ellants m.(,di.g to be prt'pressurized. I],.' in('rca._ing the thrust level f.r pumpt,d idl(. m.(l('
t,, 25'+ of full thrust, tile need for a cavit_ding venluri in the fuel syslem and lilt. ri.',k .f
oxidizer i.jecl.r fh.w i....tahilit.v were b_Jlh elimi.at_,d, while tht, [_r(,pr(,s.,;tlriz;tli.ll .,.Upl_ly
pres_,ure was increased. The Ihrust lt'vel for the puml>0d idle mt_dt, _1Lthe I)erivative 111+ was
therefi_re made the same as lhe m+met.ver thrust h,vcl .f the l)eriv+ltive IIA. a.d ;lcct'h.l+lti<_t|
t- this uperatin_ m4_de is t'arrie<l <_lll ill tile '_ame w;ly. A wide range _1' i)reprt'_r, uriz_Hi_,l
t]owrate.,. <'an be ...upplied in t_.ump<.d idle rnt,dl, v¢ith little chanl.:e ill t+ngi.t , thru..,t, althc_ugh
_l('ti_,'{' ('(}tl{r_)t v_tlv('.'-; al'P II(l| LtSt'CJ.
Accch.r_lli-n to full I}lrll.'q _lll(t .puriltioll ,_ll lili.., level is the sa_'_le ;r. Ihlll f_J I}lt. I)t,rivilli'¢l,
IIA engine, except that pr.pellanls with p.sitive NP.'qH have t. }:tt..,,Ul)l_lit,(I 1_ lh_, t.nKir_e.
either by it,_ing Lilt" enr:int"s autoger,_us pressurizati.n sy.qcm or wilh .,,.me vehich'-.,,Ulq)lit.d
system, i.e.. I>_,_t punH_, helium pres_,.rizati.n, etc. Opera!ion _1" Ihe enl_i.e all fllll Ihrt|sl and
I;.O mixture rati. i_ as sh.wn in Figure 2-1tq.
Figure 2-16. Ill.HI lh.rh'atire IIH t_r,_p,'lta.t b'hm' S¢'lwmuti¢ -- Full Thrust
(3IR --.6 o)
2.2.3.2 Performance
The .,.l(,ad','-_.la(e p_.rf.rman_e characlt.ri._li_'_, of tlw HI,Ill lh.riv.ti_, Ill'_ t.u;i._. ;_r_.
_.umm.rizcd i. 'l'ahh, 2-fi.
• .'
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TABLE 2-6. PERFORMANCE CHARACTERISTICS OF RLI0 DERIVA-
TIVE IIB ENGINE
Operating Mc_de Tank ttead Idle Mcneuver Thrust Full Thrust
Thrust, lb 170
Mixture Ratio 4.0
Chamber Pressure, psi,, 5.2
Specific lmpul_. _.¢ 438
Fuel Turbopump
Speed, rpm 0
Pump Inlet Condition
Limit,,
Fuel
Oxidizer
> 16 psia Superheated
Mixed phase
> 16 I_ia or Liquid
Fuel System Pre_. NA
surix_tion Supply
Ozidi_r Syslem Pre_- NA
su_H_zalhm S t!pply
3,750
15,(X_O
6.0 6.0
I02 4O0
446 459.8
13,."W,O 27,H.',0
>10 psia >14 ft NPSH
< 65", Val_r
> 10 psia >7._ ft NI'SH
<45', Vapour
0 to 0.15 Ib/_c 0 |o 0.1 Ib/sec
550 ° to 520"R 440°I{
0 I_ 2 Ih/se¢ 0 to I 11)/_e,-
,570° to 230°R 4,_-,0* to 2SS°l'{
2.2.4 Programmatics
2.2.4.1 Engine Development
"]'he total development pr,,gram wilh,_uI predevehq,ment aclivily ti,r the baseline lie-
rivalive lib engine will require 58 mcnllhs .1' design, falwicali_,n, and h,st effort. This ef[':.rt
will t, nc_mq)as_ three design/buihl/te.,-I cycles to FF('. Figure 2-17 .,,h_,_v_. Ih_. devehqmwnt
schedule and pre_ents the major pr,_gram milestom,.,, aml key dec|siren points. ']'he t_tal
deveh_pment f uncling recluiremenls and c'_Jst breakd,,_n by Iunwtion_ are given in Figure :' 18.
The total and (h, sign verification deveh,pment pro,grams (including i,r-lwlhml (o.,,Is) are
summarized in Tahle 2-7.
2.2.4.2 Production Engine Cost
The estimated first unit cost td" a ])erivative IIl_l engim, is $1..'_0 ini[li,.i.
2.2.4.3 Operation Flight Support Costs
.<,tlmmary _d" ('oM_:
Missi,,ns per yt,ar 15
']',,tal c,,sts t'_w 12 years. $ Million 6_.!)
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TABI.E 2-7. SUMMARY OF TOTAl, AND DESIGN VERI-
FICATION PROGRAMS, RLI0 DI'RIVATIVE IIB
Totol Design Allowance/or
Delwlopment - VeriIicaf,on - Redesign and
_gram Program Retwrlficntion
.Equivalent Set_ o1" Engines . 23 - 9 -- 14 (61%)
Engine Builds rand Rebuilds 80 - 53 -- 27 (34"_}
Engine Testa 750 - 500 -- 250 (33",)
Durati_)n Io F["(" in Months 59 - _ -- 9 (15",)
Total ('osl $ Million 78.9 - 46.6 - 32.3 (4lg)
2.3 RL10 DERIVATIVE HC ENGINE
Thrust : 15,000 Ib
Chamber Pressure : 400 psia
Area Ratio : 205
Isp . : 458.6 sec at 6.0 MR
Operation : Full Thrust (Low NPSH)
Conditioning : Overboard Dump
Weight. : 3741b
Life (Expendable Mission) : 10 Firings/1.25 hr
DDT&E Cost : $21 Millio,1
_lr .... 1I
I I
FO TStifle
The RI.10 I)erivalive I1(" engi,le is included in this report, even though it was not .ne of
the engines defined in the original study, because it is a low-cost, hi_h-performance candidate
engine I.r an early eXl)endahle OTV.
2.3.1 Definition and Requiremente
The RI.II_ l)erivative If(' is the existing RI.IOA-;L3 engine, with the addition of a
high-area-ratio, t_o-p._,ili,,n no/zle and requalificd h. tqlerate under OTV conditions. A._ a
re_ull. Ihrre are Ihe f.lh,wing ('hange_ in enghw requirement.,, from those of ti_e ]{I.10A-:L3
Bill-.l- Maleri;d e,_gint,:
a. T_.v_ i)o_,ilil,ii n,,//h' wilh rerontoured i)rhnary .',(.ctio;i
I). Mixlure r;Hi,J inrrca_ed t,, t;.O ( * 0.5)
r. ||., aHtt,_t.ll,,tl._ i)r('.,,_tlrJ/;itiol)
d. Inrrea_ed life
e. 50', ,'educed NI'SH limit and minimum pump inlet pres._'dre._ redmcd
I'r,)m :_(I h, 28 p_ia (tt..) and Irom .15 to 35 i)sia (()).
24
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2.3.2 Doecrtption
The general arrangement -f the RIA0 Derivative IIC engine is shown I)y the engine
in.qallathm drawis_gs in Figure_ 2-19 and '_ "_-.0.
a,7'_ --
GIMBN,."
_ ENGINF.
R EF E_qEhXIE PLANE
110 -----
¢0.0 DIA
71
¢-205
)IA
r
FD TZ04_
Figure 2. I.q Rl.lO lh,ri_'ati_'e IIC ln,_tallation Drawing (Sheet I)
FU|L INLET
|L|CTRIC AND P/C[UMATIC
INTERIrAc[
INLC
\
ACTLIATOR
l"tgztre 2-2f1 1¢1.1_; l),'rtt'atir_. I1(" l._taHati,,r_ l)rol_ zr_t., (._;/trrt 21
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The prhwil)al cc,mp,,,wnts ,,f thi._ engine are depicted in the flow schematic in
Figure ;2-21. ()[her than the two-I)oSiti,m n.zzle and actuation system, only minor mod-
ifi('ati,,n_ irum the 13ill-4ff-Material RIAOA-:L:_ are required. An extra s(denoid valve i._ added
t. mi'dmize -verl,,arci t',,ddown propellant._ needed to prestart condition the encine. The
h.. k" HI.l(} has been sati..,factorily run at mixture ratios well in excess of 7:1; thus, only minor
trim adjustmeqts are required to meet the 6.0 mixture ratio requirement. The fuel tank
I)rv._M_rization valve is the same design that was used on the RLl0-powered S.IV vehicle. No
inodificat i,m. are required to) meet the increased life requirement, since the major RLI0 engine
con'l[)t_Clt, ot._ have a dem,,nstrated life of ffreater than 190 firings and 5 hr. Similarly, no
tn4,(lilicathm_ are required t(_ meet the reduced NPSH and minimum pump inlet pressure
requiremen)t,,,.
I'+_'tu', "2-'21. I'r.l,Hhrnt FI,,. N<hem.li<" [.r Ih'riv.tire II(" En.-in,
The dry +vt.iKht 4,1 lht, t'l+f.:int' a,'t(| it_ .,,ttha.,,_eml)lies are summarized in Table 2-:4. Of the
l.lal engine weighl ,,1" 37.1 Ih, "_ll', is weight ol +exi._ting har(|ware, 3.5', is calculated fr(_m
layottl drawit_gs, and ]5', is estimated.
26
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TABLE 2-8. RLI0 DERIVATIVE IIC ENGINE
WEIGHT
Turbopump and Gearbox 79 lb
Thrust Chamber and Primary Nozzle I10 lb
EItendible No,,le Actultnr F_-.te.n 40 Ib
Ex_ndible Nozzle 25 [b
• Contro|s, Valves and Actuatorl ' 61 Ib
PlumLing and Miscellaneous Hardware 44 Ib
Ignition S.vstem 15 Ib
T,,t..____L[2_____'_e,h t- ......................... :?:4 [h_
Volume II
2.3.3 Operation and Performance Characteristics
2.3.3.1 Operation
This engine is c,,nditi,mvd. Ilk+, the 1{I,141A-:I-:L hy (h'mlfiniZ pr-lwlh*nt_ tItruu;:h the
ewgh)e heG_re the lurh,)ptmH_ i., slarh.d. |_v a(hling the third s_den(_hl. _hhh all,,x_-, the
*)l)thnizalitm (,I I'uel and <Jxidi/er chilld..wn tim(..... Ihe _iIh=_|ll)t i,f pr.lx.lJanis net+t|ed l.
co,tditi.n the engine are re(It,cq,(I Th,. Iuvt ._y.,,tt.m i_ thermally cunditi(mq,d hv ]¢,dr._(,n which
ent(.r_, thrnugh the mh.t _,hm.lf val_e and then pa_es Ihrm,gh hoth stage_, ul the ¢m_.hr, md(.d
Itwl l)mnl). With tta. mahl [u.I ._lsul,.lf valvi, t'h,_.ed, this h_,tlr(,+zen ix venh.d uverh(mrd [hr.u;:h
lilt. hllt, rstagP ;tlH[ di,_charge c..dd.v.n+ valx_'_,. 'i'hv .,xidizt, r ._y.,,tt, m i_, tht'rm;dlv ¢',,nditi,.nt.d hv
= ",;y_en enh.ring lhnmgh the mh'l shul,_ll valv0, unovinl4 lhrouffh the l)tnmp, and with llow
rt.slrich,d hy lhe >,mall ,.larlhl_zlh_ area q_llhv uxidizvr conlnd valve, the -xygen ix¢lisvlw._zt,d
.verh, mrd through lhe .xhliz_.r .-]At,s in llw iniecl_r and _t=I <d" lhe Ihrllsl chamber.
The engine i,...lartt.(I hy e_t+r_i;,in_ tht, i;4nih.r and ,.lwninlz the m:dn lt_el ..hutuIT _,alvt..
"l'lw Itwl pr._et.d.. Ihrt,u_h the I)a_.s and a h;df-luhular Ihrust chaml_er whvre it ('¢_(_ts the
chamht.r and pick,, up Ihe _.uwr_y =weded It_ drive tht. Iw. _.tal_e Illr}Hnl. _.vhivh I_._ers the main
ptiml)S. The flow i- _-_.nlr<=lh.¢l hv hylxiSsin.,z lhe fuel ar,,t_"d the lurhme whh the coiHr_dh.r
_t.n>.in£ Ihru,I ch:tmh..r Im,>,.ure. 'l'lw _.ingh.-_.ta,:e +.hrut.ded .,xhli/er i);Hnl ) ;_nd induver [_. gear
driven lr.m the /u,'l lurh,,l),mq). The (,n_i,w hwl I.iXtur,. r_lli<, i_, varh,d hv the .xidizer I1,,',,.
t'.mrul valve v, hh'h i_, c_,mr, dh.,d hv the _,elfich,'.,. im,l.,Ihml utiliz;nthm ..,y_lt, m. ()lwrali,,n .f
the e==gint, al full Ihru..I and I;.ll mixturt, ralh, ix .,.huv,'n in I"i_urt, '-'-22.
2.3,3.2 Performance
Tht, present .Mwcil'icati.n limits l.r lhe I<I.I_)A-;¢-;{ minimtm_ Imtnp inlet pr(,-_._re and
NI'F.ll r_.quirt.nnt..l.+ are in ,.xct._ _,t lhe t'_=gin+">, dcm_,...lra;*.d Cal)ai_ilily. "l'ht':.t. limit+ h_r the
l{l.l() l)criv;JliVt, lff' ,.=_=_,=,. have lhert,h,re heel+ r,.<h.'ed, ;1,. _.h.wn i,_ Tahh, :? +L 'l'hi_ tai:lt.
aN,, c_,mpare., lhv _i_;_in th;ir;ll'l_,r+t<l+t'+,,,., of Ill(, l{l.lo lh,ri+,ali,,e It(" with _h,,-t ,,z li.,
Hilt ,,I-'_l,_Ivrial I¢I ,t_'..\-:+-;; l_rc_,t'mly in l)r,,(l_ li.,+.
2"/
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TABLE 2-9. COMPARISON OF RI.10 DI",RIVATIVE IIC AND
RL10A-3-3 CHARACTERISTICS
RLIO
Derivat i¢,e
IIC RLIOA.3-3
Thrust. Ib 15,000 15,t_3
Mixture Ratio 6.0 50
Chamber Pre_.*u¢_. paia 400 400
_Jpecific Impul_. see 458.6 444
Nozzle Area Ratio 205:1 57:!
Installed Length, in. 55 70
Dry Weight. lb 374 2_._)•
Minion Life. firin°Jhoura >10/!.25 ,'-,3/1,1
II_ Tank Pressurization Capability Y_ No
Minimum Pump Inlet Pre_aure At Start -- H.JO_ psia 28/35 :_)/45
Minimum Required NPSH -- HJO:, ft 65/8 135116
*Exclude, weight of instrumentation.
2.3.4 Progriimmatics
2.3.4.1 Engine Development
The I.tal development pr.gram without predeveh)pntent activity fl)r the Derivative ll("
engine requires 37 me t)f design, fabricalitm, and tesl eff-rl. This effort will encoml)a_,s one
design/build/test cycle to FFC. Figure 2-23 shows the total ttevel.pment pro:zram schednle and
presents the major program milestones and key decisi.n p.inls. The total tlevehqmlent
funding requiremtnts and cost breakdown I)y function are given in Figure 2-24.
Design Verifieation SI)ecificatimas were not generatetl f.r this engine. "1he total deveh,p-
ment pr.gram is summarized as fcll.ws:
Equivalent Sets of Engine_ 8
Engine Builds and Rehuil.ts 10
Engine Tests 185
Total Cost -- $ Million 20.6
If an increased life version ,ff the RI.10 l)erivalive ;I(" engim, _i._ excess .f the
10 firin_s/l.25 hr version) were required, it is eslimatetl l'mt Oll]y it n'lot]t'_,l athtition t. the
t;rogram would be necessary It) qualify the engine for a 6() firings/2.5 lar life. This a(htili(m
would c.ntsist t,f2 equivalent engine harlware sets, I adctili.n_.] engine rvhuild. 611 el'tgin(, tests
and approximately $2 million dollars. Tris program w_t,hl n,_t. however, tlu;.liily the nt,/zh,
exten.,.it.t for Ihe extended life; the lift, of this eomp.twnt would I)e {h.lcrumwd in service by
c<mlinuilig use with fre(itwnt insl)ecli<)ns until a cause fi_r rem.val is ft.tttld i', is VXlWCttd.
h.wevt.r, that the relalively favorable envin.nnaent of the n.zzh, eXlc|'t_-i,,n will alh,w the
missi.n life requirements t. be easily met or ext,'cried.
2.3.4.2 Production Engine Cost
The estimated first unit cost t)f a l)erivalive IIC I)r,,duvti.n engiut, is Sl.:15 milli.n.
2.3.4.3 Operation and Flight Support Costs
1
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.2.4 RL10 CATEGORY IV ENGINE
I ,7
,7 I ,L \'i\ \
I,;I,_ \.L',
!
Thrust
Chamber Pressure
Area Ratio
Isp
Operation
Conditioning
Weight
Lile (Design TBO)
DDT&E Cost
: 15,000 Ib
: 915 psia
: 388
: 471.7 sec at 6.0 MR
: Full Thrust
(Saturated Propellants)
: Maneuver Thrust
(Saturated Propellants)
: Tank Head Idle
: 371 Ib
: 300 Firin0s/10 hr
: $157 Million
2.4.1 Dolinitions and Requiremontl
FD 74124B
tlnlike the Derivative 1I baseline engines, which are modified versions of the RLIOA-3-3,
the RI.10 Category IV engine is a "clean sheer' design. However, it is not an ad-
vanced-techntf(,gy engine, since it uses the same expander power cycle m:d basic design
c.ncepts .f the RIA0. Basically,', it is a 1973 update of a design optimized specifically for use in
the OTV. The ,mseline RLI0 Category IV engine has the following requirements:
1. Interface requirements: interchangeat)le with RLI0 Derivative IIA.
2. Operating mt_des: Same as RI.IO Derivative IIA, i.e.,
• Tank head idle mode
• Maneuver thrust
• "Fwo-l)hase puml)ing capability at full thrust
3. Design life: :I;00firings and 10 hr
4. Thrust level: 15,iX)0 Ill at 6.0 mixture ratio
5. Perf_rmance: optimize,
2.4.2 Description
The general arrangement of the Ri.10 Category IV engine is shown in the installation
drawings (m Figvres 2-25 an¢l 2-26. As required, this engine is interchanr:eable with t|,e RLI()
l)erivali,: ilA. and the installed length was selected so that it would be the same as the
minimum len_.lh Ih,rivative IIA engine.
The principal c.mponents of the RI,IO ('ale_ory 1V engine are shown in Figure 2-27. To
obtain tw.-pl',ase Immpin_ capability at full thrust, fuel and oxidizer low-speed inducers are
used. These in(hwers, which ,are ()t' the same st,cti(,n design as the oxidizer low-speed inducer
on the RI.10 l_erivative IIA, are gtar driven from hitch-speed pumps. As on the current I{L10,
a tv,'o-st;_ge fuel pvmp is used with a twt)-slage turbine. The fuel impellers are fully shrouded
to .brain high efficiency, since high tip speeds art not required. The single-stage oxidizer
pump is driven hy a sinrle-stage turbine used in series with the fuel turbine. Ti_i._ was done so
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FR-I3168
V_dume II
that the gears could be retained but the power transmitted through them could be reduced.
leaving their stresses lower than in time RLIOA-q-3. By gearing the pumps and inducers
together, a complex cl,Jsed-hx)p control system (and th',ls control problems especially during
transient operation) is avoided.
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Figure 2-2._. ('al_'g.ry IV Ezlg,im' l,i._tolhJti.r_ l)raz_qng
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Figure 2-27. Category IV Propellant Flow Schematic
fl
The combination _)f nickel all.y tttrhines and the expander p,mer cycle give It,rhine life
margin. '1'o meet the thrust clmmher life requirenzents, a milled channel chamber has been
selected, but Ihe de_,ign of the two-l)osititm extendable nozzle and primary nozzle is corlce.t)-
tually the same as that used in the I)eriwztivv II engines. The control system is al._o basically
the ._ame as that of the Derivative II engines, excep! thai the main fuel control va]ve vombines
the functions of the thrust controller, turbine bypass, and fuel vent valves. The (;(): heat
exchanger design is the same as that (|set| t)n the l)erivative It engines. The igniter system
utilizes redundant exciters and is of an ul)dated lightweight design.
The dry weight of .the engine and its suba.qsemblies are summarized in Table 2-10. Of the
total engine weight of q71 Ib, 56", is calculated from layout drawings and ,14 _, is estimated.
Table 2.1(I. RLI0 CATE(;OHY IV ENGINE
WEIGItT
Turhopumps and Gearb_z
Thrust Chamtmr and Primary Nozzle
Extendible Nozzle Actuation System
Extendible Nozzle
C,Oz Heat Exchanger
Controls, Valves and Act.ators
Plumbing and Mim'ellaneous Hardware
Ignition System
91 lb
87 Ib
35 Ib
26 lb
13 Ib
74 }b
38 Ib
7 }b
371 Ib
/
/
/
/
/
/
/
2.4.30pora'ion and Performance Characteri:tice
2.4.3_ 1 Oporation
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The operati(,n of this engine isbasically the same as that of the Derivative IIA engine.
With the start solen.id and bypass solen.id No. 1 energized, thermal conditioning in tank
head idle mode is carried out with the engine operating as a pressure-fed system without
turin)pumps rotating. By de.energizing bypass solenoid No. 1 and energizing' the other two
solenoids, th_ main fuel shutoff valve is opened and the turbine bypass in the main fuel
ct,ntr.I valve is fir._;t closed, diverting all the fuel through the turbines, and subsequently, as
turbine inlet pressure builds up. re.pened t. allow the end:ins to stabilize at maneuver thrust
level. De-energizing h.vpass s.len.id No. 2 closes this bypu-:, accelerating the engine to full
thrust, at which time the thrust c.ntr.ller element .f the :ham fu,q control valve takes over
thrust e.nlr.I by regulatin_ turbine bypass flow. Operation of the engine at full thrust and
6.0 mixture ratio is shown in Figure 2-28.
• - 160e,,, [ [ ls_,-
";o.::t
f*
rl
FD 7_g IgB
Figure 2.28. RLIO Cat:,gor).' IV Propellant Flou' Schematic -- Full Thru,_t
(AIR = 6. O)
2.#.3.2 Engine Characteristics
The steady-state performance characteristics of the baseline RI.10 Category IV engine
are s_mmmrized in "I';d_le 2-11.
2.4.4 Programma_ics
2.4.4.1 Engine Development
The total deveh)pme:lt I)ro_rmn for the I)a.,.-;ine ('att'_.ry IV engine requires 80 m(mlhs
of (h, si_.. labricaliml _i,_{[ tt'sl effort. This etf,_rl will t'nc.mp;iss three dt.si_n/I)uihl/tesl cycles
t- FFC. Figure 2-2_1 _hmvs the t_:l_tl dcveh)pmenl prt)l_r;un schedule and presents the tn:l.i.r
pr.gram |nilest()nes and key decision points. The h|lal (h, veh_pment fundin;4 requirements .nd
c(Jsl breakth)wn I).v lunt'ti.n are _ix'en in Figure "_)-:_;0.
J
1
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Engine development is I)lanned to be accomplished in the same manner as previously
described for the l)erivalive li engines. Although design verification specifications (DVS's)
were nol fi)rmulated for the Uategory IV engine design during this study, an estimate of
verificali,n pr,gram requirements was made hy _omparing the Category IV engine design with
th- I)erivative [IA enFine design and deriving the design verification program lk_r the Category
IV engine from that of the Derivative IlA engine.
This derived design verification pr,gram is compared with lhe total deveh_pment pro-
gram in Table 2-12.
2.4.4.2 Production Engine Cost
The estimated first unit cost of a Category IV engine is $1.76 million.
2.4.4.3 Operation and Flight Support Caste
Summary of Costs:
Missions Per Year 15 30 45
Total Costs fi_r 12 Yenrs $ Million 86.1 94.5 10;I.5
/
TABI,I,; 2-1 !. S'I'EA:"Y-STA'rE PEI_FORMAN(?E CHARACTER-
IS'FICS OF RLI0 CATEGORY IV ENGINE
Operating M.de Tank Itead Idle Maneueer Thrust Full Thrust
Thrust, Ih 79 3,7,50 15,000
Mixture Italia 4.0 6.0 6.0
Chamber Pressure, psia ,5.6 234 915
Specific Impulse, _ee 445 458 471.7
Fuel "rurl_pump 0 32.000 75.000
Speed. rpm
Fuel/Oxidizer Pump Inlet -> 16 psia _ 10 p_in > 10 psi.
Condition I.imitA Superheated <70% Vapor <40e_ Va[_r
Phase or
Liquid
'i'AtH,t'; 2-12. ('OMI'AIHSON OF DESIGN VERIFICATION
PR()(H{AM WITII THE TOTAl, I)EVH,OP-
MENT PI{O(IRAM, R/,IO CA'rE(;ORY IV
Total D,'sixn AIh,u'ance [,,r
Development - Veri/ication - Redesign and
........................... j,r ,,__,,,,:. _____! ,_,--___......... Wr_/,__e!,,!,
I'_luivalent Sets of Engines 30 - It = 19 163", )
Engine Builds and t{ebuihls 140 - 84 . r£, 140% )
Engine Tests 1,00<l - 600 = 400 (40% I
I)urati-n t. FF(" in Mcmth_ _ - 69 = It (14'7 I
"l'_hd Cust, $ Mitti,,n I.'_6 -- 83.0 -- 7;I.6 (47 _, )
............................................
36
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_ -_._-._-_'---_ Thrust : 15.000 ,b_I.L_'_'_ _ Chamber Pressure : 1505 psiafll ='2/.._,_ _ ' Area Raho 640
1!'ii'_i_._ ' I. : 482.0 sec at 6.0 MR
60 in. _ _,';'_,_--_ '*
, .... Operation : Full Thrust
1_ _' (Low NPSH)
/ : : Maneuve: Thrust
(Saturated Propellants)
==_"_=_:'_ Condi!ioning : Tank Head Idle
Weic_ht : 391 Ib
Life (Design TBO) : 300 Firings/10 hr
'--- DDT&E Cost : 243 Million
_L .... - Q
ItO 14 tZ41=
2.5 ADVANCED EXPANDER ENGINE
2.5.1 Definitions end Requirements
lake the RI.I(I ('illel:,_ry IV engine, Ihe Advanced F.Xl)ander engine is ;i "dean sheet"
design, t'nlike the (';lleg_)ry IV enl.:ine, it is ;ill advanced-lechnoh,gy engine, incorl)_raling
impr.ved pump .nd turhine designs and n hydrc,gen regener.h,r, t_._tsically, it is a "'I!tS0
st;fle-td-the-arl" design .ptimized specifically fi_r use h_ the man-rated OTV. The haseline
Advanced Exl);md('r engine has the I_dh,_ing requirements:
I. Interface requirements: n,,t yet defined.
2, ()per;,tin,,.: mq,dt,.-: Same ;is RI.III I)erivalive liB, i.e.,
• Tank he;id idle :node
• Manetnver thrust
• l..w NPSlt pumping C;_lmbilit.v at full thrllsl
3. Design lile: 31XI Iirin_s and 11) hr
4. ']'hru_,l h.xel: I.",.1_() Ib at 1;.0 mixture r;lli(,
r). Pt.r f_)rln;tll('e: (_[11inli_t,.
2.5.2 Description
The gener;d ;trr;u_emen! _,l the, A,h=mced Expandt, r t.nl.:me is sh_wn in the in._t;fi[ati,,l_
dr;_win_.. _m I"il.:Ur,. 2-:_!.
,S9
\ _J
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Figure 2-31. Adt'anccd E.rpandcr Engine Installation l)rawing
The principal C.ml)onents uf the Advanced Expander cycle engine are shown in
Figure 2-32. As on the ctlrrent RI,It). a two-stage fuel pump is used with a two-stalze turbine.
The fuel impellers are fully shrouded t. obtain high efficiency. The sihgle-stage oxidiTer pump
is clriven hy a _in_h'-_,l-',;W turhine tH.d in series with the fuel turhine. This was dune so that
the gear.,, ('otlld he rt.lailwd bill Ih.t, power trawsmitted Ihro'tlgh them could be reduced, leaving
their .,.tresses, lower than in the I_,I.II)A-:t.:L Ply gearing the pumps and inducei+., together,
c.nt r.I problem._ during !ransienl operation are avoided.
The ('mnhinali.,n .f nickel alh.y turhines and the expander p(,wer cycle give It=rhine life
margin. "1". meet the thrust chamher lili. requirements, a milled channel chamber has been
selecled. The c.nlr.I system is al.,., ha.,.ically the same as thai of the 1)erivative II engines.
except the thrus! contr.d has been eliminated and the main fuel control valve comhhws the
functi.)n.,, of the lurhim, h_.l)ass, and fuel vent valves. The (;O: heat exchanger design is similar
t_ that u_,ed on the Ih.rivative II etq:ines. The ignitvr system is ()f all updated lightweight
de...ign.
('h;.nher pr.t._.ttre f.r the a(l_.m'ed exl)ander cycle is 15011 psia. which is 600 psi hi_,her
Ih,m the I¢1.111 ('aH.g.ry IV enkine. This im'n,a..,e in chamber pre._ure is oblained 1>_ ulilizivlg
"l_.l_l) .',lale-ld'-lhe-;ir!'" Ilirhomachilwrv de..,i_n (i.e., I'llel I_tinql _p(.eds -1(_'_.1_.)<) rpml. _il3tt
adding .+lhydr.gen r,._eiwr;d.t,r I_ iv'. rea,.e turhine power. The hydr.gen r('l;ener;tlor i_ inserted
d,_wn.lrean_ _.I the ltwl imVX=l) t_ i=wrea_,e Ihe turbine inlet lemperatu_e hv rec.t_vfrh_g hva!
d,,wn_.tre;im ,,i ;i.. Itzrtmw,. ;Hid u_.ing it I- preheat the fuel prit.r to coolin_ the lhrtz,.t chaml_t.r
;llld iz._zzh.. 'l'tw r<.;:oneral._r also alh_w_. ;i parallel chanlher/nozzle c_.)]ant 1]¢_'_.'t'olHi_tzraliol_ 1o
Iw _l_,+'d ',vhlcll. _hih" I.'..viding ad.t'q_late ('-,dinE. d.es n.t have Ill(, larlw l_re...sure I,,.._.e..
ei_t,,u_llH'_+d iw the w_anih,hliv_g _.f a c,,tmler l'l_w ¢'onfiguraticm. The wlillecl channel thru_.!
cl'la_vlhcr ha_. Iwel'l dv.i_.cd and flit. I.tll_uJ;tr primary n.zzle cont<mrcd !u uptin_izc the Iwat
tral_sh,r char;wlerh.lic_, av_licipage(l I_v Ihe e_ine at the high chanhl,r pre_.sure. A radi-
ali..v_-c_.d.t.d..t,mH._te v_alerial, extei=dihh, n<_zzle is _=s(,d insl+,ad .f a tlt_rnp ¢o,_h,d l_ozzlt, I_
pr,._id=, a lighter. _ery ..ill,pie _:,.V,'-lelll. ('arbo_ carh.m, the c_mH)<,,,ile m,+terial u_ed. i,_ a It,=_t_
I('t II|'+t_II_Z\' II|=ll*'ri II tqlrr.t.nllv tl..(,(] ill hizh I,'mper:dure apl_li('atit_,ls h(+c_ti.i_-e c,l its Mrt, l_glh.
li;.'ht weight ;llld lio.,_r;iblc high Iclrq_(.r;tltire char:wteri,_|ics.
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P+'_urr 2-32. Adt'cn<'cd /+:xpa,drr l+'++j,'inr Pr+,pr/lut+t F/+m .'qchcm+tt/<"
A simple, reliable ol)en-h,q) conlr.I system is uli;i]vd l_,r Ihe Advanct.d E×pand+r engine.
The valves (q)erate in an open-h)<)p mode f.r a passive c-,mtrol c<mfigttratitm, offering an
advantage in b<)lh c_,st and reliahility ,ver an active et)ntr_d ('nnfigtlrati,_n. The engine operates
with :+/, i)ypass margin at the de.';ign I)uint h.tsed on RI.II) I)roducti<,n :ngine data that
indicates this provides adequate margin fl_r slal_stical dcvialions t'r(+m nt,ntinal component
operating characteristics.
The dr.,,' weight uf the engine and its suhassemblies are summarized in Table 2-13. Of the
total engine weight .f 2,91 lh, 74', is calculated and 26', is estimated.
TABLE2-I3. ADVANCI+',D EXPANi)ER EN-
GINE WEIGHT
Turbopumpe and Gearboz
Thrutt Chamber and Primary Nozzle
Ezt,Pndible Nou.le Actuation System
Extendible Nozzle
P_genetat+or
GO_ Ileal Fzchanger
ControhK V, Ires and Actuau,r_
Plumbing nnd Mi_cellaneo_u* Hardware
Ignition System
91 Ib
96 Ib
,3,5 Ib
16 Ib
26 Ib
13 Ib
I_ Ib
39 Ib
? Ib
391 Ib
2.5.3 Operalion and Performance Characterislics
2.5.3.1 Operation
rFhP ,q)eralii)n ol this t'llgitt(' is Imsi_'ally tht' same a+ that uf the l)t.rivativ_. [IA _.ngine.
_t.'illl tile slarl s,)h.n,,id a.d bypass s+,h.m,id N.. I etu'r_ized, tht.rm+d t'_,ndili,min:_; in tank
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head idle mode is carried ,,t,t with lhe engine operating as a pressure-fed system wilh4mt
turb_Jpumps rotating, l_y de-energizinl.' })ylmS_ soh,nt)id N4). 1 and ener_izin_ ih,.. other two
._4den.ids. the main fuel shuttdf valve i_,,,l)_'nedand lhe turbine hypa.,,s in the main fuel
c4+nlr.] xatve is first chDsed, diverling all the, l_telthr.u_h lhe lurbi les. and stlhseqtzently, as
turhir_e inlet pressure huih!s u]). re4+|>en<.d to atl.w lhe engine 44_ sta|)ilize at maneuver thrust
|cvel. He-energizing h,i)ass ._olen(+id N41. 2 ('h,_es Ibis b.vpass Io a preset area acceh'raling the
calcine 1. lull thrust. _)peration 4_f the engine at ft=ll thrusl and 6.0 mixture ratio is .,,h.wn in
Fi_:ure 2-:{?,.
2.5.3.2 Engine CharacteristicB
The steady-state I>erh+rmance characteristics, q+l the Im._eline Advanced Expander engin,.
are summarized in 'l'al_le 2.14.
'l'Alll.l': 2-1-1.._'I'I"AI)Y-STATE I'EI¢F(HCMAY,('E ('HAI{A('TFI¢-
I.'-;'1"1('._ (IF Till': ..XI)VAN('F[) FXPANI)Fti EN(;INE
_. _¢+p,'r_t,n___M,,d,: .... Tun_k l!,'ml Id b" _ ..Mnn,_,,','r 7"h_ru_t_.__Full 7"h,,,,t
Thrust. lb
Mixlure Rati.
('haml",er Pres_ttre. ,+,+ia
Specific Impt_l..e. _<"
Fuel Turl_q_ump
SePtet. rpm
i"4tel/Ottdizer l'uml_ Inlet
(',,ndit i,,n I.imtls
(;H 1.5(_i) 15.1_N)
4 0 6.0 6I)
7.6 15O I ._5
455 457.6 4_42eJ
.";.l+th<.tt|td ()11 NPSH 2 fl/15 fl
I'ha,+ ,,r
I,iquid .................................
2.5.4 Programmatica
2.5.4. f Engine Development
The. 14)ta] deveh,lmU.,t l)r4+gram f'4+r tht. A(h'+m('ed EXl+;llZ4h.r (.n_hle requires _!) Ir_z4+nli ; 411•
(le_-ig,. l;tJ+rit'alit_tl +|lld test elf4trl. Thi,. 1'If.re will t.ll(-()nll);l:,, three dcsign,lmihl.tt.sl cyt i4.,, h)
FIt'( ". F'i_.;nrc :2-31 sh,,w.., the t_,tal dex4.h,l)ixtenl l)r_,craln .,.t'hedtlh.. att<l I+rt..,t.llls the nl;li,)r
I)r,+gr;In_ nlile.,.l,,l|es ++llld ke.V (Jei'i_.J++:tl I+_,hlts.
Ewttine dev_.l,,ImU.nl is l+l,wv+4.<l tt, he a('c<+ml+lished iv+ the same nn._,+n4.r 111, l_revi<,u-ly
de,criht.<l lqvr lh4. l)t.rivali_+4. II en;Sm+s. Allh<_ugh dc>-i,,.:n x't, rilic;ilh)n sl+4.cili,+ith;ns II)\._'+.1
_,vt.re n_t l,,rtnttl;tl4.d l_)r lln. :Xdvnt_re41 l"+_.p._t+dt.r et_gil,te +h._-i_n dtlrht_ thi- .t,d_,. an (.-litn;4te
tel vl.rili4;lli(,ll pr<,2r'_n+ r+.qilir4,ri|t+llls XVdl,..vll;id4. })x' t(+Itil)Jril, _ lit(. ;_d%illl4 +.tJ l'_\l++,r+dt+r t.+l_itl(.
ih.si_ xsith th4. I)t.rivali'_4. II,X 4.,;,'in4. dc-i_l, ;rod 4h.rivil,+_ Ih4. (+l.'Si+'ll x'erilit';iti,,l_ i_r,+_:r+_m her
flu" +.Xdxz,nt'4,d l'_xl+;m4h.r +_.ll_ill|. Ir,,n+ lhitl .I the l )erivat ix t, IlA t.n_:in4..
"l'hi- 4h.riv_.d de-tun xeril'i4'+Hi,,n l+r,,_r;mt is <',_ml>;irc<l with lh4. h,t.d 41_x,.l,,l,:_+(,=+t pr,,-
l_r;tln il+t I'M_I,. "-I.',.
2.5.4.2 Production and Operational Programs
]'l++dt|t'li(Hl ;11141 ()pt.r;nli+;n;tl l'rt<r;_in <•_,.ts ,_rt' +'ix4,tl inl _.'<,htttt<. l|l <,f lhi,, rt.p,,rl.
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TABI,E 2-15. ('OMPARISON OF DESI(;N VERIFICATION
I)RO_IRAM WITH TIlE TOTAl. I)EVELOP-
ME:iT I)RO(;RAM, AI)VAN('EI.) EXPANDER
I,:NiIINE
T.¢ol Design Alloux_nce [or
Dceeh,pm, n: -- Veri[wation - RedesJ.cn and
Program Program Veri/wation
F_luivalent .'4¢t.q tff Engir, es 40
Engine Builds and Rebuilda 180
Engine Tests !.250
Durati.n I. FFC in Mt,nths 89
15 - 25 (63",)
108 - 72 140", }
750 - ,r_}O (40%)
77 - 12 (13",)
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SECTION 3
• ENGINE PARAMETRIC DATA
3.0 GENERAL
Parametric data fl)r the engines investigated during this study, over various ranges of
operating parameters, are presented in this section. The RLI0 Derivative engines, defined in
1973, were reviewed and updated. The performance levels were updated to reflect improve-
ments in .IANNAF prediction techniques. These results were then adjusted to correlate with
high-area-ratio nozzle performance test data generated with the RI.10 and ASE engines since
the study was published. Also generated were parametric engine data {performance, weight,
envelope and el)st) based on study ground rules (e.g.. 1980 state.of-the-art, performance
optimized, man-rated reliability) for advanced-expander and staged-comhu.qion cycle engines.
Preliminary cycle studies were conducted which defined ground rules, and a viable enT.ine
configuration was selected fi)r each basic cycle. The parametric data was then generated using
these basic configurations as starting poin_s. In addition, an anab.'sis was conducted to
determine the effect (,f variations in pumt) inlet net positive suction head (NPSH) on engine
weight and inlet line interface.
3.1 RLIO DEIklVATIVE ENGINE PARAMETRIC DATA
Four baseline engines were defined under this and previous contracts. One of them is a
new design (RI,I0 Category IV) and the other three are derivatives of the existing RI,10 engine
(RI,IO l)erivatives IIA, lib and tIC). All _d" the haseline engines have been designed according
to fixed requirements. Since these requirements are not optin_um for all vehicle applications, a
parametric analysis was conducted. Tahle 3-1 summarizes the independent and dependent
parameters which were perturl)ated in this .malysis.
TABI,E 3-1. PAI{AMETRIC STUDY VARIABI,ES
Baseline Engine Independent Variable l)ependcnt Variable Constant
RLI0 Derivatives Installed I,ength Specific Impulse "l'hrLtst (15,000 Ib)
[IA, lib and IIC (70 to 55 in.) Engine XVvit!ht Mixture Hallo (6+0)
Engine (_eometry Cham|n'r Pressure
(41Xl Iwia_
Mixture Ratio Specific ]mpuhe "I'hru_t (IS.000 Ib)
(4.5 to 7) Engine Weight Installed L,cnffth
Engine (;el,merry (55 and 70 in.)
Chanq_'_ Pressure
(4txt p, ia)
R[,IO Category IV Installed ].en_:t h
Wit|) HI,IO lh.rivative IIA
Interfaces (50 to 70 in.}
Specific Implu_e
Engine Weight
Engine Geometry
Chaml_er |' re.'4.,_t)r e
'l'hru._t (15,1)00 and
21LO,_I Ib)
Mixtur,, ]_alio (_0)
I,de 410 hr/3(_) liri_t:s) .
Mitture I{ati. Specific hnpulse
(4.5 to 7) Engine Weight
Engine (;,,,,nwt ry
Chandwr I'rc'sure
...................................
Thrust tlS,000 ]bl
In_talh'd I.ength (,57 i"l
I.ife (I0 hr_300 firing,O
./
.
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Each parametric engine design wa_ optimized to i, ive maximum nozzle performance fi)r a
given length (minimum length contour}. Two-dim;-nsional equilibrivm analyses were used to
l)arametrically define minimum length n,_zzle cow:,'urs. Performance was calculaled using
JANNAF method.h)gy anti adjusted for demoi', trated high expansion ratio nozzle per-
formance.
The nozzles were ,)f the two-posititm variety in which the primary (fixed) porti(m of the
nozzle was regen,,ratively cq.)led and the secondary (transl_;,ing) portion of Ihe nozzle was
radiation ('.(de(|. The pr.pellant inject_r was c_msidert,d to be optimized f_)r each design point
condilion for the Derivatives IIA. lIP, and ('alegory IX' engines, and was assumed Io give an
energy release efficiency of 0.9970 and a striation loss _f less than 0.1 sec ,,f impulse. The
i)r.i)ellant injector was not changed from the c|lrrent RIAOA-:3-3 design lor ._e |)erivative HC
engine.
Engine weight was generated using the ittrhopnn)l), nozzle actuator, heal exchanger.
control. I)hlmbing and miscellaneous weighls I'roql the lS.l)t)O l|) thrt,st haselim, t.nginv (!esidn
The remaining engine weight, i.e.. chamber/n.zzle weight, was estimated usirag a !'ixe.t
weight/ft" .f nozzle surface area of 0.37.2.46 and 6.0 for radiati,n-co.led, regeneratively c:),,le'f
tubular and regeneratively (.,led nontu|)ular seclions, resl)ectively.
3.2 DERIVATIVE It ENGINE PARAMETRIC DATA
The f,,ll.wing gr,,und ruh.swere used in the Imrametric study .f l)erivative II engines:
I. Constant desi_:n thrust of 15.(_4)0 Ib
2. ('t_nsl;)|)l ('hamher i)ressnre i)f .IIX) psia I,_r design p_,int analysis
3. Engine mixture rati,_-I.5 __()/F ::7.0
4. HetracLed engine hql_ih varied Iletwet.l'b .C) a)_d 70 in.
5. Primary n,_zzlc exit (|ianwter - .It) it).
3.2.1 Retract6"J Engine Length Effects
The availahle range ,,f retracted en_ine lengths f_r tlw I)erivative I1 engine is limit,.d ,m
the h,w end hy engine p<,werhead diameter and t,n the tfi_;h end hv the 70-in length c_nstraiut
inhereut in the et_gi:_e del'initim_. The mit'dn'lut)i retrat'ted t.n:,.iine letw[ h is t'._:_entia|Iy made up
of gimha[ length, ct,mhustit,n chamber [t,t|gth, it(l([ prinlary m,zzle le|lgth. 'l'l_e turhopumps are
pack+'_ged ar(_ttl_([ the c_m:httsti_)n chaml)er and (Io nt,t add to the t_ver:dl leltgth.
Since the gimhal aud (.mhusti,,t_ cha|uher h.ugths remain e...,.entially ('(instant. e=_gine
length is primarily a Iulwti_)_ of primary rt.zz[e are;, ratio,; and sit(re en_Atne thru,_t, thamh_,r
pressure and nozzle ,t't,ntour are ahnt,st t'<,n_.tald, Illillillil.lnl engine length is |arin+tari[:_ a
fun('ti,_n .f primary nozzle (,xit (lia|u(.tcr. '('he stnalh.r th(. exi! (liauwler. Lilt, shorl(,r the t.x)_in(.
length. The pritu:lry lU,zzlt, exil. diameter mr(st he .-lightly larger th..l th(. eu,ginc I)(,wcrhead
diameter, however. I. i,lh)w Iht..,,e,'¢mdary ,',,/zh' t,, fully I,ilrlslale.
The +h<,:!. ! _,ll,,wahh. I,.rivative I! ,.ngim. h;=> a rt.lracl,.d h.n_th ,,f 55 in. "l'hc ,.,,++:i,_
was (',,:ffi_.,,-_,d with ;, s(,('.n(l:_ry |,,,zzlt, h,m.,th _,qu:,l 1,, the It.._.'th ,,I the primary (q_git=_,. All
"equ;d h,n_th" ,._l:.,.ilt(, _,h_trlt.r lh;tll this w_uhl rt,q..,, th,, prit,=:,ry .,,z/h. di:.n(l_,r t,_ h(, h.--
thall .Ill ill vi,,halit_2 i.'r<_ttn(t ruh, "-_" givt.n .lJ,,ve. Tht, lit-in. I|linilllqlll dialn*,ter t'.nslr;(itll i.'.
deltq'ntint,d h_, lhe I Jt,riv:_tivt, II e.;_.+ine p,_xverhea<l tli++limh'r _1 3!)..', tn.
F,,r c,zgin(.s h,ng,.r lh,._ 55 in. the hesl l)erh,rnt;.'w,, is .ht;fim,d hy "'cqu:d h.n¢tl)"
c.nligurali.n_, whit'h rt,q,tirt, the pri.,;)ry n,,Y/h' t,xi! diameter I,, h_. gtt,att, r th;m .I0 in. F,,r
(,xa,,q)le, _=";<J-i,). ,.t)gi_,t., with t(,tal cn:.+im, h.|)glh [set'.ml:(ry n,,zzh, exlt,.(letl} ,d 1.10 it).. w<)tul(I
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have a primary exit diameter of approximately 57.5 in. Testing of such an engine would require
a m(_dification to the GPD test lacilities, however, since the E-6 stand will currently accept
nozzle diameters c)nly slightly greater than 40 in. and the E-7 stand will accept nozzle
diameters up to _pproximately 47.5 in. Figure 3-1 presents design parametric data at a mixture
rati_ _f 6.0 for retracted length variations between 55 and 70 in. with the primary nozzle exit
diameter held at 40 in. throughout to allow testing on GPD stands.
3.2.2 Engine Mixture Ratio EffOCtl
Design parametric performance data were generated over the range of mixture ratios for
engines designed at tl_e minimum and maximum allowable retracted engine lengths. The
engine designs presented are capable of providing an additional off-design mixture ratio
excursion of plus or minus one-half mixture ratio unit. Figures 3-2 and 3.3 present parametric
design pcfint data over mixture ratio range of 4.5 to 7.0, respectively, for 55 and 70 in. retracted
length engines.
Off-design specific impulse vs mixture ratio characteristics for 55 in. retracted length
Derivative II engines (Figure 3-4) are provided for reference purposes.
3.3 CATEGORY IV
The ground rules used in the generati_m t)f the Category IV parametric data are as
fi)lh)ws:
1. Optimt.m chamber pressure fi_r each design p_,int
'2. Ol_tirn.m chamber length flw each design point; however, chamber length
sh_mld n.t be shtwter than 12 in. to ensure gt_d c(_mhusti4m performance.
i_r greater them "31)ill.
3. Evah|ate thrust h,vels of 15,t)00 and 20,(xX) Ib
4. Engine mixture ratic_-I.5 _'_-O/F _7.0
5. I{etra('ted engine length hetween 7(I in. (ltl,10A-:L:; length) and the
minimu|n set by the powerhead diameter
6. Engines interchangt,alde with IH.III Derivative IIA; l),)werhead diameter
limits the primary nozzle exit diameter t(_ a h.vel greater than 37 in.
Regenerative n.zzle I)arameters which atfe(t engine power level tAP and A'I') were
estim:|tes relative It) the baseline (lesion I)t_int and were tt_e(t t4_ (tetermil_e the _p_imum
cha,nher pressure and ehamher length l'.r each design ev:duated. The tq_timizatitm technique
was the same a_ Ihat used I_ (,ptimize the ('ate,_.ry IV I,a.,_eline deH,_n .s do_crih(,d in .<.ecti_)n
3.3. \'_,hnHe I1 -f I:imd l{ep(wt l"l{-O)l t, "l)e..,i_n .<,tndy .f I_1.1i_ lh,rivativ,._..'"
3.3.1 Engine Length Effects
The shcwtest permi._.ihh, enginede,.ign had a retracted h,n_th ,f 50.5 in. and 50.flin. fiw
reslwctive Ihru..,t h, vt.ls .f I'L()|I0 ;|lid _(_..H()() Ih, The_.e en::ines had chamber lengths _ff 12 h.
Any engine (h,_.ignl sh,)rler Ihaz_ thi.. _v_tdd require either a chalnht'r [(q_:th .,-h_wt(.r th_Ln 12 in.
t_r a primary nc_zzle exit diamt.ter less thaq 5;7 in. violmin_: eitlwr Izr_und rule "2" .r "'(;."
Figure 3-5 presents design parametric dala at a mixture rati..f _;.(_ Ibr retracted length
variali.ns I)elv.een fill and 711 ill. l'_r thrum levels .f 15.1_00 and 21).[_._(I lb.
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3.3.2 Mixturo Rctio Effect=,
Fi_,ure 3-6 represents i)arametric peri<_rmanc'e data <+ver an engine mixture range (tf 4.5 f,t
7.0 for a I._.O(M) lit thrltst ('atei;_Jry IV enizine having a retracted length of .")7 in. l"i_ure 3-7
girt..,, off-design specilw impul._e characteristic_ fiJr a 57 in. retracted length engiz_e which has a
design p, int mixture rati, u[ 6.0.
3.4 ADVANCED ENGINE I-'tt_AMETP.IC DATA
Pzmu.etric Engim. I}_:., ,iwrh,rmance, weii+ht, enve}ope and cost) were +zenerated at IOK,
2t,K and :',oK lit tlhrust levul._ h,r retracted (,ngine ler, gths td' ._5, 60. and 65 in. tnr advanced
expander and _.taized-('umbu._ti-n cycle engines. These engine designs were c.nsi.stent with the
O'|'V engine requirements (as ex|tre,+sed in the i'tmtract ,Htatemt, nt uf _Aurk) listed Iwi_v,':
OT[" Erzginc RcqtHremr'nt._
i. The engine will operate (m liquid hydrog(.n and liquid .x','gen pr-lwllants.
2. Engine de..,ign and material.,, tevbn.h_gy are t. Iw Imsed +)n l!)_) State ,_f
the Art.
3. The en_hte rntL,,t })e c_qtabh, <,t a('(<,lnmodaling I)rr_gramn_ed and/or
('ommiillded variathms i,+ n'lixture rath_ (_vt, r an _q)erathlg range ()l 6:! t.
7:1 d.ri.g a giv_'n mi,._,hm. The efl'ecl.,, on engine ,,l>erali-n and lifetime
must I)e itrv(iivtalde,,ver the +qwralii_g mixture rati,_ range,
4. The IJr-lwlhmt ;nh.t temperatures+ shall he 162.7°R l'<_r the _,xy_;en I)o<,st
|)t|ml t and :17.Ps°l{ I=_r the hydrogen I.,ust I_,U;t'_l). The h_.,_t i)==mp inb+t
NI','_Fi al lull Ihru_! ...hall be :2 I! fur the oxyt.:en I_t=l=ll) a_=d ]5 It l_r the
hydru_vn pmnp.
The _.ervicv-frt.e life t.f thv v.mhw can,+.,| he It,+,..,. than I;(I _tart/+,.hutdnWl_
cyvh.+,, ur 2 hr ;+c('ttnltll,ltt.d rill! tim|.. +ll'=d tl+le :-t.rxice lil+e betv.een
(,v<.rl'_aul,. (';illll++t be l<'_, that+ ;hl_) ,,.tart/.,.huld.wn cx'vh,_, ,,r 14) hr ac-
ctln_nhded rtlll tHYl+... Trt+t. en_.ine _,l_all have |)r,_'+'[_it_ns l,,r t.;_,t'h (=l" ;+l¢('ess,
/'rJinJnllllll 17).lilill.ll;inc(,, ;+lid e(.Olll))lli(,;l] ()_,(,l+|imll+].
The e.gine, when tq++.rati_+_ within the nomii+al l)re,.vriht.d ra=+ge of
lhru._l, itl+_tt+re ral+u. ;llt(+l prulwlhml mh, t <,.+_dilhm_+. +hall _=,,t incur
((tiring il- _.erxice hit.. chamher l)rt._,sttre _..cillati_,n. dinltlrh;+illce,_. (_r
r;llldt+ltl _.l+;[(+_. gre;+h'r lball +g)', ,d' l}+t' ITII'.;|II ._teatiy-sl;Ite vhaml)er
l)renstlrt..
7. Th,..._.;.++++,, t;.,,', L i-. t,, hr.. c,,nt.urcd hell with a. vxte_dihh./rv=ractahh.
_.t.ct i,*11+
_,. l';m,'itw _imhal r,,quirvmt,+H_ are ' I.'_ dt,g and i; dvg in thv phvh I+hm, .
;rod ' I', d,..,= in the y;,_v |d,mv.
9. Thv vvl;:hle i.. 1,, pr,,_id(+ ga>,e<,ti+ }l_'dr,_(,ll ;tl|d i+_.\_tll ;ltl|,,_ellt_tl `+,
l+re_,P,t=ri/alu,¢i h,r |hv Ira,pull+mr l;mk.,.
It). "l'h_. ,'=)=:_+,. _- f,, h++ m;m r:_l,+d,
5.1
Pratt & Whitney Aircraft Group
FR- I :_1_;_
Volume II
380
s.
3,o
•-_ s00
480
., 470
2
E
460
450
. - ....... .___
_otes: I ) [hru=! _, 15.000 Ih
2) Primary NoTzl¢ I{xi! Diameter ,' 37 in.
3l |:n$in¢ Has a Two-Pos, ition Radialion-
('c_led Noztlr
4) R¢lracl_.d Lenglh |)_w_ Nol Include • Part ol lhe Noz/lt
Translatin+ S_ +tom Which |:xlcnd._ I_.0 m. Above the
(.it, hal Plsne at J Lobar.ms
4.0 5.0 (,.0 7.9
inl¢! %,|lxttlr,: Ralio
Figure 3.6, F[[ect of Mixture Ratio ,n RI.IO ('ato.',r3" It" Erzl.'trtt" lh'sixn i'mnt
lYr/ormance (itetract¢'d Lem,'th : 57 in.)
9_ 2 3 A
55
Pratt & Whitney Aircraft Group
FR-I:_I(;_
Volume 11
/i
/
/
/
!
/
/
/
!
l
/
/
t
/
/
/
/
/
_ =..e
2
,r
r-
r-.
,q
F
%,
E
.,...
,k
.,.,,
=
..k
Z
-i
°
43
I
4•.. _ •_ _ j/
Pratt & Whitney Aircraft Group
\'oltiille II
3.4.1 Design Point Data . .
I';:lrh liilla+ lelrit" e,l_illv tie_il,'ll _,_,'_i_ ll|)tirii/i.{t Io l_ixt' II'_.lxiill_illl Ii,_;_'lt, i_t.rf_,rlnanre I<_r _l
I_iven lenTtil, llelllirnl_tnce i_redlciion_ _'t, re ni,lde tl_iil 7 .IANNAF Illl'lh,b_|ol,ll_.' ,ld.itl._ted l,ir
Rl.lli aild A_t': kil_h zil'('3 rltlil, lest diltll.
The llOZzies tile ;ill tv.+ii-lJoSililln _lliliil.:tiliili,ln_ ;tilll till, llrim,tr_' n,,;/le ret_t, ner;_'c,e}_
t'o_lled al_<| lilt' ._eclll_dili'v n<lzzle (t, xtl, i;ihlv svelte+hi rildiilliou c_.dvd. 'rtl_, llt4111ellallt init,cl_r
was con_{dered to lit. q_lliiinized f_r t'_tt'|l Itt'_il_'n p_iinl t'tliittili_+ll, lllitl II',i_ _i_tlniPd tit I_i_.e till
ellcrg)" release elfici_+ncy .I ti.{i_.sIT ||lid ;i slriatiun loss .I It'.'.> Ill,ill il I ...t,t- ill illl|)lil.,,l'.
Ground rille> ll+r I.,tli t.n_iilP rycle,_ ,'ire lltt,senlt, d in "l';l|,t_, __-_ L t't_l_crx'al;ve h.vt, k
rel_ltive It, I_.i_l ._,I;11(' Id lht' :%.rl wfrP il.,.t,d il_t,d ftlr illtl_l ll:ir;lint,lt,r_. Ill llrl_,i<tt, ll_irlillillrk"
restllt. ,, th.it would ])_. ri,jiri'_l:nl:tliV(, llf lhtl.,.P thai i'tiilht bt, rt,;tli_.lil•illI% ' .k'hlett.d in till t,nl.UI,t.
Ilevcliq mierll lir_,_r;llll.
"rAiII,E :i-7. I'AfIA.%IETI{I(" S*I'I:I)Y (;IIIiI'NI) ItI'I.E_ POl{ tYI'V I,:Ni;IXF:
I)F._I(; N I'OI NT_
.4_l'¢ltl<,';t lit'l/>dllJ, r ,_:dt_i'J I','_'l_ll+_tl,'ll
Fuel Pump S...ti_,ll .";l_cific .":,peed
Puel Pump .<,pi._'d rpm
Fuel I'umll Till _lwi.cl (_tl.ixirliuml fi '.-,_c
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Staged-c(Jm|)ustfl_n cycle chamber pressure is constant ms a functiun ¢ff r, traeted length,
hecause the increased heat transler and iJre_sure loss has no significant effect on availal)le
turbine lit_wer. Higher ('hamt)er pressure rest,Its from increasing thrust for I._th cycles, because
of the impr_tved c_mpollent elficienci-s attainable with the higher flowrates. Turbine pewer
(and therefore chamber pressure) increases for the expander cycle as thrt,st is increased, since
the effect of the improved comptment e[ficiencies is greater than the effect of the reduced
turbine inlet tpmperature. F.r the staged c.mhusti, m cycle, the chamlwr pressure levels are
limited hy the punzp tip speed limit lx_hich limits I)Unal_ discharge pre:.sure I.r a given speedI
rather th_H1 c,_mponent efficieneies.
A pa.vh,ad cal,ability ol,timizati.n study fi,r the advanced expander cycle engine showed
maximum perfi_rmance at the maximum extended length It_r the three specified engine
retracted lengths as indicated in Figure 3-!1). A similar study for the sta,_ed-c,,mbu._tion engine
sh(,wed that. because .f its higher chamber pressure levels and shorter c, unhuslion chamber.
area rati,s are already s. high that increases in engine length ,nly l,rovide a slight increase in
sl)ecific imptdse, whicll is more than c, mq)ensated Ibr I,y the in('-.'ase in engine w_ights.
Therefi_re. maximum perfilrmance was achieved at less than the maximum extended length Ibr
the I;0 and 65 ilt. retracted lengths as sh_wn in Figure 3-11.
Figures 3-12 t hroul4h q- i.I present t he advanced expander cycle design point (O/F = tq: l )
paramet tic i.ecformance as a fuucl ion of engine ret rafted length and thrust level. Figures 3-15
thr,,ugh 3-17 present the same inf_,rmati_,n fi, the staged-combustitm cycle.
3.4.2 Minimum NPSH Effects
The effect of minimum nut p.silive sucli.n Iwad INPSItl ,m engine inlet diameter and
engine wt.ight was defined I,r thru_,t levels ,,1' l()K. 2_1_.. and 3hi( at a mixture rati_ of H.O:I.
Figure :1-18 prusenls Ihl, effet'l of ,,xi,lizer NI'.SH variati,n i,ver a ral_ge _,l tl to 16 It l,ll
.xidizer I,,w-I)ressure i)ump inlet diamet,'r and engine v,'eir:ht. Figure 3-1:) presents eq:nb,'alent ".
infi,rmati.n f,,r the fuel side f,,r an NI'SIt ran_:e ,f 0 t,i t;_t ft. b'uel NI'SH h_,s a min.r effect
,,n h,th inlet line diameter and engine weight. It,wever, the oxidi/er NI'SH effect bect,me_. '
significant as NI'.'-;tt _qq,r,,aches zero. 'l'heref(_re. it may he re.re l);lyh,ad effective h, pr,>vide
oxidizer tank i,res_,t,rizali.n cal,.ihilily tllan t_, (lesign the e,lgine h,,,'.l_lt'ssure t_xidizer l;ump
fi,r NP.Stt levels .f --2 ft.
3.4.3 Off-Design Paremelric Data
Ofl-de_.ign paraml.lric dala has been generated I.r both the a,l_am't.d ,.xp:tnder and the
stage(l-c_mhtu.,.ti.ll engine cxch.s. ()It-design lit.rl_rrtl;H_ct, and critical ,.n;:i_w cycle parameter..
were defined fi,r an inh.l iniXltlre rali=, excur.,.i,,n _,1 H.(i It) '_.(I I,_r ,,l_l{,l_i,'.t.d (';(I-ill. retracted
h.nl_th en_hw,'.; at Ihrlist levi.Is of liiK. 21iK, and :IOI,_. lb. Adlilnced eXllilnder t.ll_int, idI-,t,.._i_ll
characleriMies are ship, vii in Figures :t. Tlll,, ;_,-'-'2. while I"il4ur_.s ',I-2:i t_, ;I.;2.-i depicl till,
slagi.d-cllliltitlsl ii,n i>ll_iill, i,l i dt,sil_il ch;ir;l_ ll,ri.,l it's.
llurhl,- _,ll-lh..i.;ll ,,i)_.r.,lh,il, ch:inihur i,r_,<surt, is heht c(_n_t;ult with mixlt_re r_lti,,
I':llgillt. t,ll _h..-;'-n lll'l'tl'"lllitllt'l' t'h;ira¢leri._lic,. ;ll't' ,h,l'hl_.d liSilll._ .IANN.\F llltqhllti ,l,, ;v alld
olrri,lalh,il, llli_.t.fl ,ill Ill. Ill _illd ,'%_1'; lt'!.t d;il.i. (ltl It_'--ii:ll I>lll.'hie cv_h. ttlil:iliit,lt.r oh;Jr;i( It.i:.
i>lit- h_r ill,. i,lllhilitt (] .'_.'l. iilid iL'_ ill. rl,lrliili.d h,il_lh i>ll;!int ,. ill'*' il_,i Ihqhlud. ht'l_ill'.i' Ihc
inll,rllitt _,ll,_illt ll;iLilill,li.r,. (t_ Ill,l i']l;illl'.t' ;illllri'l i_ilil_. |l,_t_l'_.i,r. ili:;ii_l' Iit_l'llirlll,illl t, I-
;illl._lt,d t,v i, liTilil, h,i,_:ih, :iiill .._l. _dt.dl.,.it;ll l)(.ltlli-lll:iilct , i_ di,liill.d I,,i all lhrt.(, rt.lrllilt,d
h, ll;lh- I,,l ih,.. l_l> i,li:_ilit, tL_t'h,,. ;illd i- :.hl,'_vli in I"i/tlil,. ;I L!I; _ilill ;', '_.
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3.4.4 Parametric Cost Data
Parametric roui_h =,rch, r-.f-magnhudv (H()M) c.sl data wt, re dev,,Iopt, d l.r tile advanced
eXl)an(h'r and .,,lag_,d-c.,mbu_.ti-n cycle t'nl-ines. The advanced expander cycle estimates were
generated hy applying a hwt.r for a greater "'degree-.f-dllfivully'" to the estimalvs fiw the
RI,I() derivalive t'nl4ines wh..,,e c.sls were estimated in 19T:_ |)a._ed up.n defmili.n .f a
rvlalively detniled pr.gramatic unai.vsis (see ._eclion 7 of [hi_, rep.rtF, augmented by HI.IO
I)r,,_ram hi.,,t.rical d.'Jta. The stnged-c'.ml)u,.ti.n cycle estimates were es..entially an update ,.f
tho.,,e Ior the 20.q_(_() Ih thrust, stal_e(l-c_m_)m_.ti.n en¢ine uefint.d hv l'ralt & Whitnev AircrM[
in 1973. I_ee ]_.'A l(ei)-rt t-'l?.t_ilS.i. Ad,.am'_.d Nl)ace F:n_inr ]'reliminary [)(.,_i_nl. which h_d
J)('el! estimated |)a..('d uI)(irl ;i fairly (h.taih,d i)r.t_ramatie ,m,d,,..i_.. mlgment*.d J_y expericme
rel)r,t._enl(.d hy c...,ts incurr,.d in the lP&%%'A Xl.l{-I_tt .',tal.:ec|-v,,nhu,.ti_,n d¢,m.n._trati.,n
en_ille I)r(,gram
|:'il.:ure.,, :3.:2_ Ihr,,ugh :(.:_t) i)r,.,.-,t.n! e_limah.cl I)I)'I'&E, l_r4;du,vli.n, and ,,l,,[,rati,m_ pr,,-
I_ram c.,.t_. ((,_:vludint.: pn,lwllant c.sl.,.) as a I'uncti,m _d enl.:in(. Ihr(i..l h,r Lh(, advanced
PXli,;llld(,r illld ...lltg(.d.tqHnhLiMl_n _'vcle (.'ll_il_('_,. 'J'h('_(' (urve_, r(.i)r(._..ellt il "'t,t,.[ e_,tilnillt .'' q,[
lhv rvali-liv (.¢..I.,. _.I l}w-e I)r_ram ,, (i.e.. n.! "_.uvvv_,_..d_lwnd,.nl" nor 14 ,_..._.]y inl]at_.d h, c._vr
parMh.I d_.vvl.lmWnt elh,r1,, in lna|'_ ;ire;is). The Ii_r_._ mdi_.te Ih,H *zll._im, Ihru,.I h._vl ha_. a
miniln_d t.lle,vl _)n _,h_m.' pr._ram ('_,_1._ nnd Ih;H ,_ re]ali'_vlv _,mall dith.rem'(. ,_.×i_.[s it=
I)ro(hudi-n (.o.,.1., Iwt_._.(.rn Ihe [,.v_, vy(le..,. ()l_t.rathm_ c_,_,1_,_r_. ,.h_)wn 1_. hv (._,-,entml[v lhe _.alll_.
I_r the IWo (%,h_. ;|_ Ih(.v h;_'.'e I_=(" _;lln(. iilnt, lu.l,.,.v_.n -_vrhaul.,. It-_e,.¢.r, lhvr,, i:-, ;t
._td_.lanli;d dilh.rvnv= i_ IFw IH)'I'&.F: c._,l....I Itw t_.. cy_ h._,, Thi- dill_.r_.mv, ha,.ed .n _ur
an.h,.i'., i.. din. ;. It'w v-n-id¢,rahly grvalvr ¢_mHd,,'.,ily _1 lt,_.. ,.lal.:_,d-('omhlnMi.n cycle.
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Thi_, int'reilsed _,.tmlexitv re.,.uhg in _i ]ur_:er nLmlber q)I" _'_ml)<Jnent. sub..v..,tem, luz,|
en_me te.,L, a_, v.etl ;l_. ;tl_ in<'re;,_.ed ;m._m_f ,,1 en_'i.eerm._ d,'>Um l,ti..r zlnd de,_+eh.l_mer, t
h_r(|ware required t. de,,el(_|) the hi_hlv r,.li:lhh.. (,|)erati,maib,' flexible and h,n_: life (.ll_il)e
re(luired l)v the OTV This de,.eh,lmlerlt L,..t (lllferell('t. w,_t_,dt,lme(| in ,,tlr fPT:t (|e_.i_ll ,.tudit-..
and n_thm_ thai h_=- ,.('urre(I _in('v has irl(|l¢._lte<l th;H tile ('¢,mf)lexlt+,' f)l it _.m,=ll
•_t+Ice(l-t't,mhu+.,li<m enl_m+ l., any h,u,+.r ,,r thal de_,t.h,l+me+;t iN h,_,m d+tfi('ult than w;+=s i;+dit'ilte<l
at that time.
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SECTION 4
ADVANCED-EXPANDER ENGINE OPTIMIZATION
4.U GENERAL
A pr_.lmint dv..ign .,.tudy _a_. perfi,rnu.d t,p ,_ptimiTe thrust chamber ,_eometr_," and c_.dh_.
('11_i11(" _.'%'¢Jv %01rhllli_rl_,, IHid (cmtr,,l. f,,r ,it+ ad'.anv,.d+eXl_.mde engine J'(..rh,rmai_ce _a_
,llitlml/v(| I,br ,l(b,.llllc+.(| eMl+ind,.r +.Ul_Inv'._.llh thrit.,I h.v,+l.,,,I In. I.'_and 2,114.Ib ;it a llrlix|tlre
r;itl+l i_| i;:l ,tnd ill1 t'il_lli(+ rvtrattt.d Ivn_th ,,I I;l) 111. "|'ht." ibrvllllnrl;ir_, i'+,cie .,..(u(|ie_ Ik'iPITI|)It'|t'(J
prt._.i_bll.+lv Im,Vidvd th,. ,.I;lrllXll.: 1.m11 14,r lilt, ¢)ll|il'1117;i|llilL "|'h_. h;i,+l,hlle i..x|);tlldt, r i.'_,t'l(,
<{-l), |ll,_tlr,lllllik '++.,15 tl.t,d |41 (tpil1|tl/t • lilt" i.l_llll)tl_,|ll_ll t'haln}mr, prnnary ll(J.'/le (-ID_lfil+'|lr;t|iaJn
It'h.I "ll'rl'r h.n_th. + ¢_11|1";11. lillll rat liL i ,_l,]Slll Ilil_.,_;ll_t • {|illll.'11.i_Ill'% (+|CI, Ill addltl,,n+ _t}l,t,r _ttldil*+4
•,+,ere c, _i(lll(ll.ll Ill d4+llllt • llllllp_lli(.llt %,lllPidlll+tli_ |h;tl Inl_ht prnvide |_<cr|,_rll+lall_'e m}pr;),..-
lnl.ll|_,. The Dl'-IIII- Viii.ft. t.'+.,ih|_ll(.i't t,,n-idt,rilll,.: l)(,f|llrll;,lllt't,-vit,it,_hl |l';tdl.* h|lh)r_, life require-
illl+ll{_,, illll),lt'l lit _,mlr¢,l ft'qllllr¢'llliql|_",, t'|<'. A lir('hltilllill'_+" I,_il'l! (h',_l.:n i.n_ilU, o'ch" _1_+
deh.rnliue(I h_r vat|! +,I thr thr_.e ihrtl-f [t.vel_ ;ll|(I _';I _, tl_-(',l Ill I._t'llt'r.]|P |l+t+%'it.r I_;ilall+,_. i;,tllllls
iib.ill_ ;t J)%|l;l_ .++ tlq,%_ ill,lri_ill J),l>.vd i,n Ill.ill ('.'q. lit+l'll.'fiA'l°.
4.1 COMPONENT OPTIMIZATION
"rhv ha-vlhlv ;ul_a,utd t.xpandt.r ,'_,_1_.t01_:illt, t',,l|liE;Ir;iti_,n f_|lt,_.'.'1}in F'igure 4-1__'a._
th.tm,.d in I+r,.iitnm.lr+. t _rlt..,.tu(llt... pru_r h, l:e,l,.ralu_K the i)ar,llll,.Iri<. • dat,i ii'1 'l';iP, k L__d I|1i_
:-lit(IV..*_+allllt' t)l |h(. _.11_iiii- ¢_II|i_tlf+ItI(HI ..vlt,ctu,n- l:-,th h +i _. lhl. +,t,ar_.(l (Irl_,+- _;_,'.-.It.1'_1 _,f I11( ++
(.flail+t. h,,,_,.| Imlal+,l xtvrt, t.xt,.n_i_+t.lv i'_,ahl;ill'd ii% tqlr]+i,r rt,_ kl.l t.ri+,_itw _lildii._ atld d'd+" It+
rt.Lltis, elv mmt,r t.lh.tl_ ,_,iI t, li_+lil + p,.rh,rni+in,i . th,,.,, it|+ltl: xvt+rl + 111,I (,,l+,+itlt r,.d. The ha-elme
t'l}'..r:'il+l + ;.+)ill+_tlratu,rl l,r,,x-h'(l the. -|,II'|i111._ l),,tl+t l,,r the (,l)l;Ini/.l*,h,n. arid the. elfect_, i,I fuel
i+nlll+l} i',mlJ_l|r,It+,,ll, ttlrhilic l¢,1111;.iJr.ltt<m, rt+_l.l}t.rJt¢+r q'l|l'Ct+vrlll':-_, an{l {'<.daltt l+l(,w r.t,tl|it1_
%_.i++t t._a],i;i+_.,l Pit;ill'+,|. |;t, |hi. i,+Htl_llr.ll+,,ll. {)_hli.'t.r >v-tl.tt| t',_ml)+mt+111 v+iri,lll,,l+_, v.'rr+, n,,t
t'+.ahiat, 'I ih|t" h, [l+vir .-niall elh.tt ,,n t,i+_ili_* l,t.rh,rm._u,v. l'ahh • ! I prt.-,.nt_, +i Mlmmarv +d
the r_.,uh- <d the _'_,t I{' t,l_tium/Jt,¢,n; |hi. i_.t h. _.;lr[ati-n- (++.alu;itvd are di+.(tJ_._.ed .,.eparat_+Iv ix}
lht' I,,ll,,+_ing pal'alLraph-
H2-'_ " '+-"'_'_+' ' ,; |][-.f q++++;Jl] II xr_'C" "-_"_
..+._t_.+._:q !: ++:i W FI l'i'i I.I "?--._
+'+ .... !, +:It I_ [+ !1 _] _.%"_...
L.' {- . . t , + '', J
+'_ : ',t' + I , _ +" T4.... ].-.-+,,.,.+1 ,,j -' I ',-,--4.]
..'at- .:., + .L' .I- _ , ' p x " I ,' i
+7+;,
I"_.':;,, I I .i|l!! <m,,',t t'._l,++++<t, ," I-t+":m' (',,tPl+g++r+lti,,r+
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TAFII.E 4-1 AI)VAN('I"I) EXPANI)ER ENi;INE ('()MI'()Ni':NT OPTI",IIZATION
( ,,_11,,1,,_tt,,,m _ ('t, t,',:,
..) _ _l_t' h, I _l,blO. _'I,_Pt I'; - 1|I L p-I _,,! ,1_, ,,rfl,,r _h{_ l,.'i i,,-i' I. rl'_r!_l o1_ i"
I'_tml, I lllK t _lrtl-t _ l.p . IJ i -i, ill( _'1 ,i.i _lol,. fl,_f iil.f _|_. +tt_al,'ti ( ,_f ,trill
%%I - 1_ I ,,fl_l,[*'_ _lx
II.',lll'l I.. |'_ltllll l'I,*'l I" '.'"' I I''
I'lllllp ._pq (',| I!llK l)_"q-! _ I-p " '* - -,,
_,%, I_' I%
I htl,",l'- I!',k I }!?',i-? ' I'1' *' .'-.o
I',_ !.. ,d I', 1t,
_,,,v i_.,,rl_.t0,,| h*, _ _-* ,.r -l_..t,itx
l,._'..'r H,_l,,._.i,,I_i, ;II+l ,n.r, i-_',l f!,x_
i ,,r_t _,,1 i. ,111T,!I.'I{ *i %
4.1.1 Fuel Pump Configuration
The i,I:,{l- ,,I in, r,.,-_n_: fllt.l lllllnp .-l,,'*d tr,,in I I;,.n_,l I,, I',tU_l_l rpm ;lll(I il(tdill_ ;i
:.final." Ill tht' ll,i-I'lilll I_.L., , -T t/i p_m!l_ _* r*' I x.,lllllilt (t ,It |h*' llq_. lhrtl 1 I,'_ iJ. -ill*,' tim _n';lll'-I
p(,r|l)rlnillllq, i.llt.ll ti,ti;d I. l','.ili/I-d th,'rl, l"l_lllv I L_ >lhr_;.- Ihq' I'Ilt't't- oTI Jlt,iNiJhll' i'h.tnlh*.r
pre_,-.urt. ,,l llit.I I,Umll _'1" ,.d 1,,r t,,,lh -! _tnll .:, -la_e l,mllp- rtu. -I_,1 p-i ch.mfl,_.r l)rt'_._tlr* '
p.i t'|lillllill.r pro--ill,' ..',t111 II,,111 Ih,' ild(ll11,,ll.l} lltllilp -l;i;:l, i- lilli'_ _x,,rrh _1!t -t.c III ilnlllll_c.
_fln';.l> l.',l _ i p-i J.
I"i_ntl. I :' -h,,',',,- Ihl" Hnl.fl-_" _ h.l,I;:*' rc-_tltin,-' lr_,m il 10_l p-i , h,,zL_,' in , h:iml..r i,rl.--nr_.
nx il I|lllrliim tll ]l.l-t. _h.lniht.r Ill_.--i rt'. rh,. ,t.tl,i ill,tit.,It.- Ih;it lhv i,,.llL,rln.lll_> Kn!ll t,,r ;,
gixezlch,Hnl._,r pr_-.ur_.sz_,n..,-,.d_,,I)-.-n:,m..H_ih .- I,j-t'cl_;mfl,_.r I,,C--_t-ls in,'r_.._-t.d '11,.
:_.'-Iil_l" l;.'i t_[lliip x_._- I1{,| m,,,rl,,,r.,ltd lilT,, |_11" }l,l.l,hl)t, *'li_.'L:)l' i';mt;..llr,ltl_m hl'(,lll_l' 1hi'
-In;lll l)('rl,d'lll;lll_l • I_;I r('t-," ,ll,I n,,I pl.lll', 0- El(.l|rl" ,,,,'f ;tilt! :,,n,ph.xitx :ll,(t ht.c.m-,' ,,l '!n
i.,.-ihihlv .I { ritlt.,I -p, t,! llr, Jih.lll - t,-,1111t_.: x_ Ilh lilt. I,,n_,'r I'l',l,::T'_"l _l.lll;ll-h.t[| l I:_' - ,!,;,
Ir(',l-(lilit|E ;*l_pl,, '- I,, _!_' -i,-,-d Illc_,..i-,'. Ih, -hi *!1 ll(,rli,rlll:tl!, i. i11_ rl il-i. t?, ,- Ih)l Ill:..| IIV lh, r;-*.
q_l I('sul[i/l_ I,_,,t . ll.._. -t;ll- sh.dt ,?;,tl!:_ It'l', _L,.Jril,l', {.lt.l
4.1.2 Turbine Configuration
_l-rH • ,iNiI iI.lrAllt.I l,lrl,ine i,,llfr _,r.di,m-- v,,,n. ,x;,hl:,l,'fl I"i!:ltr'_ | l .tn,t | ", , _:_p.ti,
Ih,' , h;_n_l,t.r llrC--lirl ' ,!!l,:in,,l,h, '_t, illl _ ,i, ii ,,,llll,_lll';lll, lll ,:- .l lillh Ih,i; *,l luct t_Iilnp d_'_ 1_ _,
llll,.-llrt , hll" lii, I-L :iiid ;._li]\ lhiii,-I h,icl. Tht-fl, i- h_.:. 'h,in :1 litll i)_-i ill;trill',: i,ll.-_ II1'
ttith,rell_ t' ht, l'.t rt,ii li;, _ ,,hll/ilr;ilil,n. ;il .It I_lI:ll > (li-< hiirl_, lil_'-_illi' iiiid ll_ril-I h._ t,l>, ,inll ;he
>.erie>. tlliill,'.iir,ili<,l', i I, ,if.:- ;il il _.li/Jlt!'. i_L:h,._ t h,illltll.r llll,--liii'. Ilil. >+.ri,.- i',,lllI;.'lir:lll,,ll _.:l-
_-i'lt'('ll'll I_,r fill, I_,t.-,,llii, a,li;llli, hl.,,l!i._, il I,<lllirt, ,t h,-_ t,m;t_!r',,; !t,_ i,liitr,_I ii iii [tit,
ll;iralh.I lilllll_ill',illl,ii+ ,illli lIrl,l idl'- t'-'-i'illhilh *tllllit t)l Fh_Flli;iillt'.
/,'
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4.1.3 Coolant Flow Routing
Parallel and cutmtertl-w ch,lml>er/nllzzle ,'l_olant fh_w r, luting schemes were evaluated
(._ee Figure 4-(;|. ,"41)lit fh)w clot)ling wa+.. n-! e-'aluah.d because it pri,vide._ n. i)erl,lrnmnce
a(l,+anta_:e for a system with geared engine-rot,tinted tu._+_t pumW., and reqtures a positive
culltrl,I tl) pruvide the <ie_ired fh)w ..i)lit at all ,q.,ratmg c,,llditi(ms. Parallel fh,w elx)lirlg is not
m,rmaily i,sed for .'l regeneratlvelv t._+dtql ih,tn_l)er/n_zzh, b*l'ause the high hefP'.-[']tlx IPvel...; ill
tht" chamher v.,,uhl t'au.-e P.ig,tilicant dtm-+t_ chan_es ( ._ su I) in the hydrugen coMant
inlr.thJced at l)umf) dl,.charge c.ndit_,lns 'lhi*_ ('(_tflli resuh in m.ufficient e<loling during
,,l+l-th._,ign engine ,,perath,n increa..in+, the ri+-k Ill c+.,[ant chanrtel hurn_.Jl. -% re_eneriltt_r, ah
it,.t.d it+ the ha_.elin,, +ItI",;(:lIml'<l +.xl+a.th.r cvt+h , ellt[Ine, hl+:It: -, lhe hxdr_et( |)rh," t,+ rqmling Ill
the lhr._.t t'h;lltlher t+.,daltt ih;l+ltt(el+ ]infiling del('.,ity (hittite+., t++ let-,,, than 2 it) l in the
t'hanneb.. 'I'hb, i(lh,+,;, r`, lht + tl,.;e ,+I either parallel i,r ('lltll(tt-rfh);, t. eIM+lilt_ Fi_urt, ,1-. pre+et+t.., a
c(Hltl),i(r+rq)n Ill' parallel and t,,Ul+terlh,w c, mIw, urati<m re,-tilts. A charuber let(gth limit <if I,"+in.
wa_ determine<l hlr the imralh'l c<+lflL_ttratli+rl hast.if i,n c,.+lin;_ limit:, at the thr, mt. An IS-in.
(.,,(nnlerfh+w t't,r_ligurati(lll w;im th(.l'i evaluated l,, ([t,t+.runtt;e if any adxanta;,.e ccmhl lie achit,ved.
('lll+laBt tt.n(l)eraltlre fist. ('h;(r,_it'terl_li('+., tlre ah,,ut the ++line f.r htllh ,'t,lllll_llrilli_+ll+. |)rt._+s(ire
h_.+.es are much higher h,r the ct,(ll(ter|+h_w (',,nti_ur+ttii,n due t,, greater n+anih,hting h_s+em. Fur
the paralh+l cllnligurathln, t'.l,hl.t Math .umber i._ reduced dl_x_n_lream ill the thr.at due to
tht. n,)z/le exl)ansi_n. In the tt)Ullterf]t_w el_ntigurali<ltL the i'.,lla,+t exit manifllld is _,t the
in i('chlr where relatively high Mach ntm_ht.r lt.vel_ are required to l+)rt_,.'ide adequate coming.
re+.uhing in ext+e>,_b.'e l)rl'_,sllre h_r,e_. "I'll( + l>aralh,l t<.,ling ('onligtlr;tlh)n '_'¢a+ theref-re selected.
4.1.4 Regeneralor Effectiveness
The effect ,d" r+,gt'i+('r;lh+r elh,it b,l+ne+ ,, i_+i e,lgine l)erl.rtnance wa,.; ev:(hlale<{. Fig(ire .|.N
+h,,w_. ll,+vh,a<l, w('iVht, /in_l :..l_ecilic ilnllUl>,t, charilt'teri-lii+s a_ ftlntliollr, i)f rt'l:enerator elft.c-
It,eerie+-,+. l':l+ginl, l+i.rl,_rIllallce i+ ir++l+r-vt,d a_. elfective_it,s._ i:., incrca_.ed. }h_xst.ver, a+, effel-tive.
ii(,+.,+ [_ +llt,rt,;l_t+d, lilt, i.c_l((l)tl..tJtHl th;lll+ht,r (.tl<++;lllJ iltlt.( It, llll)er+|ttlr(, i_, i(J_,o illt'rea_+ed. A_. the
c<._lant h'rnl)eratttre b. im'rl,+,,.i.d, a lmlit b. rea,che(l x_}It'rl- lit(' clm+hu_,t(+r h_,l-_.idewall tern+
l)eraltlre t+ill+ fill hm_er he maintained al h,,_el._ thal tllt't't t+ll_ille lilt. r(+q;lir,,r'nents. The limit..,
IHl re/.lell(+r/ll<_r (.llet'livelle_._ l,, ll'lilillt;lili (It_i11(' lift, x_(,r(, (h,h.rmh+vd t. he :h;, .l;t;, and 4,_.;+',
fur the IlL 15. and :2(+lq. thrtt_-t leveb,, re..,pt,ctive_y. _,_,+th a thamht.r h+n_th l_l* I-+ in. and chamber
('imtr;t<.'li(Hl rath) ,+I 4.
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4.2 COMBUSTION CHAMBER/PRIMARY NOZZLE OPTIMIZATION
('hmnher lenl_lh ;md chamber c_)ntracti_,n ratm efl+Pt'l+ ,, ,,n en_inP l)*.rt'-rn;;mce and hle
w(,rP (,v;shl++i|pd ++it _It+ady-mtatr ct+l+tJitJ.ll.,_. 'l'hrul_,t ('h,illll)er ('(_++I;int It.IPlJt.r;ittlr(, ri_.(., c,.+]ant
l)rt'_,_.ure ]<)._s, and re+ill tt'ml)eraltlrt" ('hilr:it'tPri_t+(.,+ v+-ere predir'ed. 'l'hP rl.+_ult+ were ll.,.(.(l tl)
till(late (.It_itIP ('_,'('h, l:,t, rfq)rm;11it'e l)r('dwfi )r+_ arut ,l+_t,+s (h,m):),+r cv,h, life. The (,I)th+f;+z;;ith,n
+v;i_ (.unH+lett.d at a thrtl'_t level .f I.+)K lh. and tht + rt-_._ilt, mt.r(, extra|)tJlale<| hi the. it) and
2*+1,_ th thrust levi,l++ ..X t'h;llnl>er ](+,Kth <,I I-I m. ;ltltJ ;! chum+her t'tJll|r;t¢t+tllt rat+() ,d -t x_Pre
.,,eh.c'ted ._, *_ptimt,m h_r lhP adval.t'(+d eXl)+indvr t'yt'h- t'IiHHIP.
4.2.1 Chamber Length and Contraction Ratio
(';+mnher length ,diet'/>, ,,n _,,_bhln! tempt,r;dllr(, ri+._, and !)rt.+.,_.llr;. I,,_. x_l,rl, ev,'dlmt(+d _,v(.r
_i r;lf+._(, ++| +t t_, '_| hl..:! ;I l'(_lllr;l,'ti,_ll rath) _,I .I ;ili(l ;1 l}iru_.t h,vPl ,,t l.,ls[ lh. "lh,, It+axilnt;I|1
c'hmnh(.r h._,;.::h thal ++_ti._l,.d _r_,um! rule rPt|tl+rt.11+t+ttt,_ wl+r, + (h.termi,lt.d l,, l)_. ],'_ m.
+','t;;,=racti.n ratfl, t,It't.t't ,, wl+rl , lh,,n rvMua,_.+l .I ('hamh,,r h,n_th,, uf t). I_, ;ilH| ],+'_ it+.
l+'i_tlre |-!) .,.h<+v.',. the e'ih'_t,_ td _h;m_h_+r h+it_th an+<{ _'hal_her t'(_ntr;it-th_n r;tti() _u+nt+t)(_lant
tt'll;I)eratllr( + ri_+,, I)rt._,>.tlrP I,,'.'.. +ln(I (+h;intht,r i)rt,._;,ir(,. I+'i_ure -I11) ,',h<_w_. lh,. /'filet.,. ,,n _.l)t'<'+th"
iml)td,+e, w{.i_hl, _ll_l{i I)_IVII,;I+J. "l'h,. 1,'+-i11. ,'h+mlh,.r h.n+:th with a l'(+lllr_lt'ti_ll r;it+() 4 t'+_Itlt_tlr,i-
ti,m ._h(,we<l th(' he+t l)(.rl(irtli;intx +. "]'hrl_.t l),,+nl+ ,, (if lq)and 2(iI'_ +.++'/.re th<.n ev+dual.d with lht.
I:"_-in. ('hamher h.n_th and ('t)_Hra('l+¢)ll rz}t}+_ .| (,mli_tlr+ili,,it, and thb, <+(=lII+_tnr;llJim v,';im
idenlifh,d ;,s lleitr .l)lim;m_. I'rl,limi,_ary d_,_.i_n p(,hil_, wt.re _ent,ralt+d f,_r .ll thrt.,+, lhrtt-t
Jevt, lm with thP 1;'_/4 (-.nfi_llr_dit_l+. l)etmh.d th(,rn=;ll map>. (_.t,t, F'++._Ilrt, .I I I + w(.rt, _em,r:_tt.(i at
crili(';l] h,¢'.ti,,n+ I. l)ri,t++<Jt, th,. ll('t't.+..+..;Irvill|_,rltl;it[tlll l_)r th(, hip 'lll;lJ,V',+_,,
4.2.2 Cycle Lifo
'l'I.. t'ytlir lih.-li,.iti._ l.=l_itH, t.=_nll_tmt.llt b. fit,, q<mlul)u];_r i+_)rli_m ,,l till' t'h.mh,,r
am+emhh'. [.;,r_:(. lherm;lJ Er+idit, iH+ are Cl'nt'r:H,'d m ;i rl,+tu=_l,ratixelv t*<,,flt+<l t}trtiP.f t'h;lr:+t_(,r
(|urin_ ,,pt, rati,m. 'l'h,+._e _radi(,llt+ _l|lt+<,t till' 4'Xl)('tL|t+(J (_,(]k' Ill'l" (,I' tht, _'hmtH+t.r v,illl.., +,._<h,+,,.
lht, ftlrlhcr +l_r+l_+il|Jl+_ t'_)n<lilh,il _I hJ_}1.1lrt,>+tlri, ('i,+,]+itlt within th,. w;dl l)a,._a_l.++ i)ralt ,_
Whitn(.y Air('r;dl J];l_. dt,x,,l,,lWd a ni_.th.<l l(,r al|alv,<i_< _)1 .,mtl,hul;ir tllrln_,t t'han_hvr_ th;il
pr(_vi<lex a t'_mqsh+te (-xah,+H h)n ,ft" t herin;t] _'yt'le lift., il_ th:,+ lh,.rm;d _ra<ii(.nt+ and th<" pre_..'.urt.
(lifl',.rt.nlial a('r,,ss th(. h_,t w.ll are +iI1_.tlll;lllt.tltlsly t r(,al,,(l. I I., plastK..,.tr+llll% l.t'dirted hv lhb.
l)rlwe(hlre ._ir(* tl..,(,(l with NA_A-I.ewi_ ,_train r;ill_(,/I.('l +" ('tlrx't,s t,_ l)rl+dk't t yt'h, Ill,+. Th< mtyt,h +
lit'(, _,I' thl. l_,,nluhtflar [)_rti_,ll ()f the /',llva,w(,d l+]xll..(h.r l':_;_im. (t+ml)._li_,n ('h:mlh_.r l+m,
heun emtinl;ifi,d J'(_r tilt. lit, 17), alzd :.](lK-lh lhr_i+t (h,+_i_:n l),_inlt+, and l)l_+ lih, t'Jtar;ztt+,ri_-l+t-_
_ati+l+y the (h._.i_n r(,t|lllrt,llt<,IH h.v(,l ,,f I'_H() +'vch.+ li.e.. I titre,,., the. ;;(ill l.n_ult, duty ,'y4 h.+L ;i_
.,.+h_,v,'n i_ Fil_llre .1-12.
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4.3 ENGINE OPTIMIZATION
"l'ht+ rcslllls -1 the c,+ch. ,q_lJmi_ti_n al_4 rhan_hPr/l_ttllt, -1)til_iZ_ti<m were evMu,_te(|.
iUld i_rclimm.lry I.,inl (h._iA{lIP, _q.t,rc A_cll+..r;Hc,t f,,r Ill-. !:')-. and "llK-tb 'tlru+_l levfl_. "rh_._e
I)(Jilll d_'._i_,t._Im.H Ihe t.rlKmP c+)Jlll_urltli,m _J_+l life req,=lrt.mcnt._ ++,ltPciFlt.d J, Ihe _()_q.'.
('onlr,,I re,luiremenl,+ were evalu_tled, and n it_t.+.,qve control (',mti_urati(,n w._s selected h_,.'.ed
tm lhe hi_he'r ¢'t,,,! ;trill I,t;_t+r rclutbilil'," ,,t+t mirtimtlm ;lctJve c(mlr,)J ('olllii_t=rati(m. A p<)_er
m;ir_i, r(,(tlliri.rnelll ol :{', lllrlHtw I),,pil_.,, llov. vvi_ P._lilltli._h(.(| t),+lse_d ul)ttn HI.lit i)ri_(ht('lion
('II_I11( + (];It;l. i+]ll_ilt+ ' lh(.rm.fl ('u;tditi(,,h+_,'_.l,_rl h,,..,t.._ were (.v,h,,+ted. imd a 1411k he:id J,ih.
Ill(,(It t_f t'111.:Hlt + lqi,..rittl_Irl ;_,;I+ _.clecl<.+d t<t lli+IllrllJlp hts_r,e.,.; (_i+trilll_ therm+t] (+'()llditJ(_rlJIll_ and
t.,la rl.
4.3.1 Engine Power Margin
I(I.14L'_-;{-4 l)rttclu,ti,,_+ c_t_:im. (l;tt,_ m+i _, _.t_r,.'_._,'ed ht (lelcrmilw the ('Xl_,+_ted ,,'ari+tti,m in
t'Itrillt'-tti-t'll_Jltt ° [l,Pr|t,rltlilllt't.. l"il_ht('l.'ll Itr,,dut'ti_,[l t+(li_Jtle+ had Itet'n l'tltl ({tlrm_ a,.'CVl)t+lrlte
le..lini.: v, ilh lh(, tlt.rt..,,.4rv lllt.ilstlrl.tllt.n1+ ht deh.rl'nine It_,'lJlt,.+t_, ll(+w, l_(-'rcvnt hvlt:+_,.+, l]_,w is
...,i'|ttWtl iH l+'i_ur{ ` .I ]4 h,r t.,tth ttl + lhc_.e itr,,hlt+ti_n eliKinf,_. 'l'_.o ...,limd;3rd (h.vi,+lJ,m,+ 19++'_'`
c.,_l'i<h.t_r*, h'_'_+ll _,I hx'Itits_, fh_w reerr, <h.lt.rntit_cd hi l)e :_Lg:I', . Act'urdin,_ly. lttrhiJl(, l)7,'itils_+
ll_,w (l,,r lh¢. ;,<l,,+,m'cd (.xl)+m<h.r cych, e,_m,.l w;=+,, .',el +It ;I', h, It)rt)'ci<If In;.irl_Jn fitr tati.,tic+_l
({t'_.'Jltti_tll_, Ira,m. i1,Jlll+tl;t[ t_,ll_ll+_+Ii_.'lll +,*lit'FitlJtl_ ¢h:_ril_'h, rit.lic+.L
4.3.2 Control Requirements
I+;i.-_.is.'(• ('(_lllr,+l ;m<'l tltitlillltltlt +l<'livt, ('o,l_r_l (tlltlJgur+_li(ms w(+rt + ;+valu;il+,d Jor the
;t(lval_te(l t-xl+:_t+(h.r *'t.th" tm_iz+(.. ('(tt;lr_,l +x,+h,m +ilnptk'ily i_ a l+rim_tr> ' _tmct.rl_ irl a .zew
en+t.:im. <h.,i_n. l':x<,llu ,'h,_-_.il-h,<, I) r, mtr<tl_, +[rt. highly IPXl)t+ll'r'+_+'{', rt+l_tivt'It,' tztlrclial)Ic, arid
r('clttll(, ,.ul)_.t;mli+_l (h.x'4.h,lmlC_+t It._lill C, *l'hc +,(I++u)t.{.(lt+XltatJdt, r c.V('](. (n_iLe ,calve rt't|_lJre-
llt('l'Jl_ _trl' >.itltil;lr hi th+,.-{. _tl" Iht. l<l.ll_ (';llt,_t_ry I'_" ('Itl_illP (:,,h()Vl,'n +|1 Fil.:ure -I-]4L Iherehtre,
.q.lililr VillX.(, I'llll_J_llr;l|+|,ll'-, x%r1"r( ' c,,It+i(h'rc(I i_ |llt._ ,'.,fill:IV. AP+ rll/Itl_,' (_|" lht'se valvt,+ ;is l)U.++iltle
v, ill Itv Itultmtv4 tl'.ill_ inti,rliM cn+ille prl,>,.,,tlrt+_.._+,';ti'_'l't.. at'lit,lilt'i! h}." ellb:il;t,-sttl+|+_l+ec[ pret.,_;.ttrvs
(Ill ll{tl rt._ittirt+c,+t_r(li,i:tli,_it ol extcrn41 ltllt'tllll:tlJt • ;llt(l electric sttl)l)li¢'s ;i,(i le,i(l Ill ill,finalize
lht- t.t_i_t_, lr_m.,,icIll,,.
All _,I' lht. _,_ll,.c',. _,p_.r+llc in +Ill tq)t.nih.q) In+,(li+. f.r :I Itit_._ive +.'{mlrlil ((,nfi_ilr+Hilm. In +t
millim.tmJ at'li'.'t.-t'_+l+tr_l t'++ll|i_ttriltJ+tll tl),l.l(l (';tlt.i,'t_r,," IV l_,'pe):I thr.tt.t c_+z_trt+l i< il4d+.(l h+
lilt. rltiiJlt ftu,l t'_mlrt_l I,_ lllilJll|itJll i+'tllit'.;l+Itl| l'l+l;tlllhi+r ])r(.+.,,ilr{, ill riit(.d lllrttt<l. 'rl+lt + Ihrtlsl
,.'()lllrlt] J_ It ll_,rmally d,-.i,<l, si.rVo-lqt(.r4ti+(i. 'Vilr+ill)]t.-ll<tsJlJ+ltl l+'.+[);tsm _.ii]_.e tlsl.+d h_ t',,lltr(t}
t h4hlher l)rt,s_.urt ` hy lhc re_ul;Hi_m td lllrl)in(, ltt_v,cr (i.e., the t'{,lllt_t] .,.ellst's ('halnl)t.r [>rt.t.,+ttre
ml_l varit..., lurJ)lll(, lh,w t<t ntitiltl;lill it t'lllt".|itlll itrt,+_,tlrcL
Thc i*lh'rl_. ,,I t*_illc h+lrl l)r_.:->.urc vitri.i:i,,_c. ,m lhru_.t, lllixtltrc r;ttJ(,. +trill imptfl.(. 4re
sh,_xv, i_+ Fi;4t]rc I-I:+ h,r ._ pJ,..ivc i,,lllr+J liHlli_llr.lli*tll, l,l'_.+ lhilll ;I 2'. d,;|l}_i' i11 lllrtl..l
wt)ul(l hi, (.xpt.t'lt.tl <h_rz,v_' +_ hHl;_ h;Itlt (l_t_. t,_ i_+Icl llrt'-sllr+, dt't';IV (,It+.:'.lltllJil_ lit, t.ir}k
rt.lirt.:-:-lll+i/.itl,+tlI ,._.llll ;t l)_l,,-ivt, tt_lltr(_l.
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A minimum active ccmtrol ctmfigurati(m would add approximately 2 Ib in weight and 3 tu
5 million dollar.,, in engine develupment c._-t, anti prey|de a somewhat h)wer reliability than a
passive euntrol conliguratit,n. Because Ihe difference ill perfi)rmance between the two cun-
|'igurathms is negligil)le fi)r an ()TV with,,ut a i,r<)pellant utilization system, and the passive
configuraticm has an advantage in cost and relial)iliLv, a passive control configuration was
selected fur the preliminary engine ,_ptimizati<)n.
4.3.3 Thermal Conditioning/Start Lrsses
Prit,r t_ st-trtin_ an engine u_.ing cryogenic pr.pellants, the turh,)pump_, must I)e ('t)_ded tt)
Ile;lr liquid cm_d_tfl,m.. "l'hi> can I)e acc.nq)li.-hed using a lank head idle ('['ttll mode uf
operation. This N a pressure fi'li m_uh, .1 .perati.n wi'h nt,nrutating tt,rhol)Uml)S that can be
used ttJ setlle pr_qu,lhmt_ and pruvide I,)w thrust level, ft,r .,-mall AV cha,qces in add|litre t.
ct)ndilitmmg the I)Ump_.. Since the TI|I m_,de ('an he u_,cd fur pr,)pcllanl set/ling, ctmdiliunmg
losses <)nlv qwcur during the lime required It) c,mditi,,n the Imrnp> :dter the propellants are
setth.d. ('tmditi,ming Ihue i'_ a fum'tiun uf the initial temlwralnre of the tp.rbol)urnps and
prt)l)elhmt Ilmvrates during cundiliunill:: and ..h_uld he un the urder of I to 2 rain fur the
Advanced EXl)ander Engim.. Specific illq+UlSt' h,vel_, in Till art, greater than .lOt) sec till(| ;:Ire a
strq)ng fum'ti,m t,f th,. chamlwr llress_,re h.vel (1)rlqwllant l]<,wratesL This relatively high
inq)tllse level during thermal t'tJn(tJtit)nil;_ Inhliwdzt+s losses, since the i)rt,lwllant losses are
etltfivalent t<):
( 1.0 +l++l_J,.,.... ) x f l:
.__ '. tXl. W p
lsp,.,+, ,,...... t,
where:
t_ --
t: ::
Wp -=
time propellants are settled
time of ('tmtphqed ctmdititming
propellant t]_)wrate
Propellant fluwrate,_ are related t_ required ctmditi,miug lime and specific impulse in
such e. way to minimize I(_s.,.egwhet her II(,wrates art, high -r lmv. _ hen Im)pell:mt l'h)wrates are
high, specific impulse is high m_d et,nditit,nmg lime.., are relatively short. When l'lov,r_:tes are
low, impulse is luwer and ctmditioning limes are relativt+lv hmger, tluwever _ith It)wet |'low
rates, the total l)rol)elhult quantity used is relatively. low as the co,)hh,un I)ect)mes retire
efficient. Acceh'ratitm transit, n! ]t)sses are nfinimal. Itnpulse levels are Ilet_.veen the THi und
rated thrust levels and start transit.n! duratit)ns ..,hould he less than 3 st.c.
4.3.4 Preliminary Design Poi,lts
The results tel"the cycle +:l)ti|++izati(ul studies v.t,re in('orpurated in lht. engine (;e...ivn l+()hlt
definition ('()rnlmter I)r,,gr,.,_ I'.;c:i++,' _+l,t'rating i)(4nts wt,re tht.l} defhw<t h+r the rlomitlal rated
thrust (:t)ndili,,_ ,,: 'I ( _ , I 5 I ;'tl _ ] _' l_ advan<'t d CXl,;+m(Icr engines. A >m,m_;_r_ ,,f tht,..,e d+,sign
points is prt.se:itt,d ill Table +I+2.
+ , .
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TABI,E4-2. PRELIMINARY ADVANCED EXPANDER
ENGINE DESIGN POINT CHARACTERISTICS
lOartl lil et l,r
Thru,_t, Ib IO,_X) 15._i0 :_O.l_X/
,"41)crilit + tnpul,_e, see 483.5 4820 479.6
I.le! F'll(I Fl_iw. ib/se¢ 2.97 4.4_ h97
Inh, I OxIdizer I.'httv. Ibt_ee 17.111 26.76 :lh.K.q
('hltmher }'rt,:...ttre, I_m 1.:i4.% 1.507_ 1.,r_i4_
_ixttlrt, I{nlio. _,'V_IWI(' 6.0 G.O (_.(I
()xidi:cr L,,. Prc.,.r,' Plmlp
lniH "I'(,iM Pr<,s._ure. P.,ia 17.0 170 17.il
Inh.r N'P.gII. fI .) L> 2
l)i,-t'h_rge I'r_,.ure. p,,ia 71 77 _I
Speed. rllm :l.GPd) 2,.g._l 2.hi4fl
Efficwncv. ', fi4 _; I_1
_pecifl¢" ._,Jll.e d I.I.Mi I .Ol_l 1.0"2(I
H.r,.elli*wer 5.6 9. ] l _.4
Fuel I..w Prc._._ur; Pump
hih'l Tl,tal |)re,.._ure. iI_iiil 16.2 11_.2 1#1.2
illh'l NI'_it. fi 15 15 i_
[)ischllriev I_rl'.,_url ,, p,dn ',19 47
_liel.d. rjuri _tT.f_ll I ,ql).lTil/ '..llll.?dll )
I']fflcivricv. '% 77 71"; 79
Specific SlWt'd 4.5G.5 :¢.64h :t.I 15
Ho_eI_,wor _.7 I(1.9 17._
Main ().tidi:vr Pztmp
Inh,I 'l'.iill l'rq.._ure, j),.ill 71 77
Inlci Temltl, raittre, °1{ IG4 tl"_.l 1G4
I )i,.chlirgl, i_ri,_._iirl ,. ji.;iii I.,q211 ').IGII '..).Tf'_,ri
_ltt,l,ll. rlini f;.l.li411 .%11,7!)t I _l !ill0
EJ]icirlii'v. ', G4.7 1;7..q 711.I
•t_llt'l'i fit" ,"4lit'('t I 1.42tl 1,421i lAIR
| l ilrM, ill iwi'r 1.t¥2 :llll; 41
Alairl Furl l_lmp
inh't 'l%tal I'n,_ure, p,_ia :lt.i 47 R4
Inlet Tt, llll',l'i;ililrl', o|{ :i7.2 :17..'i 275t
|)i,_('h;Irg(, Pri,_.,.tlr(.. ltsi;I :l,.'t2,_ "l..qO#l 4,77h
Slid'I'd. rliln I I._LII(I() 1 J,'_.OIIl) I I?_.lxl()
I'_l'li(' iv lit".'. ', ,r_14.(; I;:t.:l G7.1
_ lli.l.ili(. • ,'.:,I)l.,.d ._f'¢_ IGil_ t770
Itor_el_,_er 1.045 I. f'_.l_ 2.295
['l,,.I 7'_r h/,I,'
|lilel "l'oi_il l_ri,-_ilrt ,. l),.i;i
Inh,i "l'¢_i_ll I't,lnl,,rliliirv. 't*.
Ph,_. I1, <,.c
141hH,.i.v. ',
I |m -.pt,_.r
llt>FI l'tlf :ll.ftlllt.<iOii
liri'-,_,llll , Ill|l|- Ih,inl Millilt
7.tIIL_ :1.4.111 :l,flK_'l
._ll;; 1414.1 _l_
'2.71'l -I '..):1 F_Ii(I
GII I;7 il I
I .i17_1 I .GII(I :3.L_tIII
:07 45 li .-',7t I
1,5.q I .IO 1,7:2
( J; bh: ,'r Tllrhi,l,.
|llh,I ']'_,l,i! Prv,...llrv, ir..l_l 3.7131 1.97¢il 31lID
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ADVANCED EXPANDER
POINT CHARACTERISTICS
Thrum Chamber
Chamber Pressure, psia 1,345 l,f'_5 1..Sg(_
Mizture Rsti_, chamber 6.20 6.14 6.111
Fuel Injeel.r AP, psid 12,5 140 ILO
Ozidizer lnieclor AP. psid 200 22.5 225
Chamber Thrr,a! Diameter, in, 2.1g 2.53 :q5
Primary Nozzle Expen,don Ratio 312 24g :','_
Nozzle Expan.qion t/alia 77g 642 5 ,!
Nozzle Exit Diarne|er ([D}, in. 60.g 64.1 66.5
Regenerator
E/Teel irene.s. _ i 36 4.'1 48.5
Cold Side Pressure [,_ss, psid 5 5 5
I'tGJt Side Pressure IA_ss. psid 7.3 81 RR
Cold Side Temlwrature Rise. OR 21",,0 275 :2g.5
Hot Side Temt_,rature Drop, *R 290 ,qft5 310
Chamber Nozzle Coolant
Pre_ure l._a. Itsid
Temperature Ri._. *R
3_ 475 510
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SECTION 5
LOW-THRUST OPERATION
5.0 GENERAL
RLIO derivative and advanced expander cycle engine characteristics at low thrust were
examined to determine the effects of extended low-thrust operation. The impacts on critical
components and engine life were defined, and perfi)rmance characteristics were generated. No
modifications to the engines were required to enable extended operation at low thrust levels.
Kitting of critical engine components for the advanced expander cycle engine was
investigated to define possible improvements in engine perf-rmance, life, and reliability for
low-thrust operation. It appears that performance, weight, and/or reliability gains are
achievable with a kitted version of the baseline advanced expander cycle engine specifically
configured for low-thrust missions. The available gain and cost of kitting are provided.
5.1 RL10 DERIVATIVE EHGINt:S
The low thrust operational characteristics of the RI,10 deri,,ative engines were reviewed t,
determine the impact of extended operation at low thrust levels (750 t. :175(} Ib,). "'Extended
operation" was defined as the time required to expend the pr_qwllants _f a fully tanked .rhital
transfer vehicle (OTV) stage at the low thrt.st pr_q)elhnt flowrates. Therefi_re. stage hurn time
ratio is approximately:
L_rw Thrust Burn Time = Rated Thrusl l,evel ", l._w.' Thrus_ Specific |mlnulse
Rated Thrust Burn Time l,ow Thrust I,evel Rated Thrust Specific Imlmlse
For example, with an engine operating at the 10% thrust h,vel, the engi,w firing durati,m will be
approximately nine times as long as an equivalent-raled thrust firing dural ion.
5.1.1 Engine Life Capabilities
No modifications to the baseline designs of the derivative engines are required to enable
extended operation at low thrust levels, l)erivative engine accumulated firing durati,m beyond
the specified life, is limited by turbopump gear and seal wear. The reduced stress requirements
for these elements at low thrust more than compensate fl_r the increase in required duration,
resulting in more missions between engine overhauls than c_n high thrust missions. Engine
low-cycle fatigue (I.CF) life is also itwreased at low thrust levels due to the greatly reduced
pressure strains (and, therefl_re, total strain) in thrust chamber passage walls. Since the
number of engine thermal cycles per mission is expected t. ire independent of thrust level, the
number of missions betwc.,n engine overhauls would he greater at reduced thrt,st than at rated
thrust.
5.1.2 Performance and Stability Characteristics
Only relatively minor modifications are reqvired t. en:d)le the RIAO l)erivative elagivw._
to operate at reduced thrvst levels. These n_oclificali(ms are presentect in Table 5-1 as a
function of engine thrust level, A cavitaling vcnturi is requ;red between lhe fuel pump al_d the
nozzle coolant inlet if the coolant inlet pre:_sure is less than 18,_, p..,i;t (hyctro_zen critical
pressure) to isolate hoiling instahilities in the c.olant i)assal,es from tl_t, fuel ptm_I). A high-l.ss
oxidizer injector lap four times baseline engine AI r) inj(,ctc)r is rt quired for the l)crivativ,. I!
engines below 25', thrust (37511 Ib) to prevem c.mlrusti_)n i,_stability. Since the ('atev.ory IV
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engine has a high-hiss oxidizer injector in its baseline desig., no modification of this engine is
necessary to I)revent combustion instability. Low thrust performance ctlaracterisiics of RI.10
derivative engines are shown in Figure 5-1. Cl'his figure supercedes sire|liar infl,rmation
presented in the ()TV Parametric Data F-.,k, I'&WA Rat;oft FR-12253 daterl _. Oct(_ber 1_)79.)
Note in Table 5.1 antt Figure .5.1 lh,1, +. in ttw range fr-m 1.4I- 12', ,,f dr,sign lhrm.I f-r the
Derivative IIA anti fIR ent'ines. I here i. an "1,' i,,n ,,I usint_ t:'l- :z.,, in|eel ion t,r a high I--._ inicc;-r.
l'la_ed upon both enerl_y release elficitqlcv and feed ,._._.lvm sfal_ililv. ,_a_-lZa, iniecti,m ;ll)l)e:*c-. Io
be more de_irable. The SlWcilic inqmlse ad',:irlt;vAv -.hc,vln I,,r g_t- g3_ inir_ii-n in l:i_,,r(, .',-I
rel)resents lho enel::y relea._e i,lficiericx ad_.:tl_lal_'_.. _,_[itch i.. :,l)llrr,',,iln;ll(.h • 11.7', :l! 1w, lhrlt-l.
The grealer siability margin I)redlclv:l Ic,r _,l- l'.;i- llilt,t'lt,,n i., ,IhJ,lrall.d in IZi;_m_. 5.2. Allh,,,f,Ah
h,_lh ctmfiguralions are slable in !he !hrur.t r:lwll_:e, lilt- hi,J_ I,,-- ntiW¢lGw i- vi,rv llv;ir the im,.l;ddv
TABI,E 5-1. M()I)II:ICA'I'I()NS T() RI.I, I)I._t{IV.VII\ I.( vNt;INI.'.._ V(/l{ I.()W/I'III{I'ST
OI'EI_:VI'ION
"l'hrtl_l I,,'n'l
lib.) W, tl..'ttt ( hr;,I._,
D,'rtlattte IIA. IIH ('ttll_,,,rx ]i" tlt,_
75o- 12¢_1 7.",o-I$,_I) . |
....... h':,, !,,., _t .i__t..--t,(,,y,r,..,.___ ........
il'.it.I iill_Z 'tl'llllli'l ,i¢Iditl I,, I-ltilll' fhi' t_ivl i_ltqll t li,,l_l
!.ill-if I,<,ilill_ lli.l,ihlhlll . \tl ,,%llll_.l _+q_<,ri/, d ill 7i-, >,1.
i,tl% i'i,ii Ill il i,%i }l.ill_l,i" llr_e_ llllll:: l_.i_ _:l- lilt|'| lillil hi fill '_1 rll
llilllhll_lli,I1 Ill-I;lllllll% .old llr, ltilll IIIi i'_Ni_i'lt lllrlllllli liltU
,,l,'r li,llll,t i_l- illWl I1,,11
1:21_I. :17.'#) N tA +.I ('ii_,if;llill_ %+'illiiri lind hi,.:h I,,-. Ilill'lll,r ml,h'<l Ili,:'ll h,--
inlt.( ll)r ll,lllllrl iI I,, iit-i._.i iiI ll,lllhtl_lli+ll ili_l;lliihl%
I-_lill- I_i li HI,It , 15 If hll_hl'i |ll'il,,llll,illil' i- d,..ir,.d in _ 12 I|lr,l-I I ili;i i-t.i.
FITIll'l, .'l It. il ,I,,_I_ ,ii_,d I,,t_ lllrl_-I +,lE.!llil i ,ill Ill" I_ilh,<l h_,
lllidilll_ it _lll'i i II _i!_l'lill_ ll%l,_l'll IIl-.il i'%i Ii,lll_l.r Ill t,ltt, li/l,
;ill Ilu. ,,xidlx,,t
5.2 ADVANCED EXPANDER CYCLE ENGINE
The 151( I" ru._i point (h.sign enlzirll' th,finl,d durin_ the t, llgine iq)iinfizlllion l:lsk of |hi'.
slildy lls selei'led :is lhe lia,-.eliile elll_ine. A Ill<, t1,'_1|1) Ihi lhru_l h,_rl _:is seh,clt.d a_ lh(.
hlw-lhriist (ll)(,ralin g l)liilll, which w_is niilb._,iiy in tht, ](iw lhrll,.l r_lll_l, ill illlt'rl'sl (|llfl!l It|
',qtll() Ib lhrlisl).l
5.2.1 Baa_line Engine
Initial e_,_ll,l_lii,,il ,it h)w.ihrusl Ol)enilil)n indicalrd ,_h;li, with llw rt,l-t.ll_.rllior h,r;ili,_n
iniliallv ii<(q!. ('lililliht, l ('lloliiill _,xil l(,liilii,rilllill,., wl,r(, iiIliWti,lll:ihly lliT.h t • 13ti_°lli, '1'1.,
It'lill)l'r;i;I;r_ I_t,,])l(,ili _is resolvl,d llv lii_l_,ilil_ Ih(, ri,g(,lli,r_ll,_r h_,i _i,I,, lrl>lll lhi. in'_, i_r ii,!, !
Io the lilrltiD(, di>,_l, tr_,.'t,. ;i_ _,llowll hi I:iv.iii'e ,'_3. 'l'tli._ iIt,cfl,;i_,.< llw fhiid llqlll_iq,illir_ !,,
ilCCelil_illle levi I.. ll(,t-:l_i.i, _t Ihe hiltll illrliilW llxll,i,._, ll,_ lt,_(,l _il l,_w lhrli_l I:ll,lir_,\il_l;i,_.l_.
:'ill', tif ;IViiilaht(, ihlwi, which lt,dilll,_ Ihl' heal lrali,..ll.r Cllltiillililv i_f lilt. ri.V{t,ill,r;tl<,,. I t_1,_
('ollfil;lirlllblll ('h:iil_v II,'is IIO ,..il_llifi(';llil (,fh'l'l oil filll-lhr_iM Olicr;ili,,ii hl.'t;lll_t' ol iht, I,,w
ltlrtlil',t, liyll;is_ Ih,w h.vel (!i7', ol Iht, lly(irll;,qql _lill ll:i_._._,_ lhl,lllTh the rt,_9,1il,r:ilor lilll :i_l<,i.
'l'llrbiilv iiih,l tt, liilll,r,lliilt, characleri_lh's ;ll lit', Ihril-I ;ill' "-h,,wll ill ]:il_tlrl' .'_-1 ii _- ;I ItllWli q)
of iill,,t IliXlllr(, rali_.
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5.2.1.1 Life
[_il_me ]i[e (harmterl_ti, _ _ere evahmh.d, m_d nq) addith_e,a] m_)dificathms are required
to elmblc e.xt(,nded _pcratu,;, _it h,w ,hru-, h.vel.L En:_hle-;i('cumul._ted tiring dura_h,ll N
limited hy lurl).l)um I) _car and _-,.;H _sear. The ,,durcd _.trc.,.ses on these elements at h,w thrust
nl_re th;h_ ccmH_en-.ntt. I()r the increase in req_hed durati,,n, r,.,sll[ting ill m.re missiqms
helw_.en .verhaul_, thall .n high thru-t mi-•-i(ms. [']n_ine Iow-c.w-]e filti_ue (I.('F) life is
imrea_,ed _,i_nili_anll_," _lt h,w thruq llxrl , l'|lermal strains arc reduced because or I.v.er
h,_t-wall tenip_'r;iturt_, _lpl)r_xmlal_'[_ J:,_l_l_ at the S;llne ()/i"), ant| the pres,,ure str;lin,_ are
delrea,.t'd t,_ :m h_-i_.'nltic:u',t h,_'_.l ,"_lril't. the IlUnlher _t en,_inc thermal cycle_, per missi(,n are
*.xpected I. he n hitzvcl,, mdel _.nd_.nt .t thrill.! level, the numher _d missi.ns I)etween enKine
=,V('rh[Itl]_, V.'_llh'[ be Krcater at reduct,d thru,.t them at rated tl=rtlst.
5.2.1.2 Stability
Fuel -w.tcm h,,ilim' irl-t;ihHitic_., a,ld I-_ I requt'lit'y {',_mhu_.ti(m instability ;ire s_,metimes
;i _.lq|(l,rn ill ]l_',v-thrll_.t II[]'d('_'l_il ('ll_ill'• ol)er,iti_m. J"llel system boilin_ inst_lhilitie-_ (prep.mire
i)s(iJJati_n_,l i_ct'llr 'a, llell rapid [i(]llift-lo ff;i-plm..e t•ll_ln_e is initiated due to he;it ;.l(tdltil_n ;it
l)re_.:_llr(,_, he.s [h;lll i'rHi(';ll prv.._ure { I_..'; lisi;.I I_lr h.v(Ir(,_:enl. "]'h(.se pressure (is¢'il].iti ,l_S. if i11_[
islil,lte(l Ir()lil the tllrhol)m}= l) hv st)me Ille_lll_ (tlSLl_lllv a iavitatillff venturi), can cause fuel
Imnil) st;Ill. ('_lllzhll_tilHI ill_,t;lTlilit_,." {chtl_girll.. _) restlhs w|lel] illjei.'h_r i)ressllre h)_s is t,_) h,w
1.11' 'l) • t).113) t(, |sol;ire tiw mil,('h_r fr_,m the ('lilll|)llsti{)i; |lr{,t'('ss. With a liquid injech,r 3[':1 _,
is ri.duied llr,,Imrli-mlllv a: lhrl:M is (h,_n,;i_etl, re(luirillff a U.:',O 3|'/1' in iector pre...sure lo._s ;it
hill tl_ru-.t tl_ I)r()_.i,:te a. at'*el)lahle injt.t'ti(m pressure h}.,.s t -t).O3 .._|)/]}.) at 10', thrust•
Oxi(lizl,r inie¢l,,r pr{,_.-urc h.._. is maintained ;It iareater than 0.0,"_ _.P/i ), at low thrust hy
utilizin_ _he (;()X Iwat ,,x,h;mger t(_ _al)orize the oxidizer hefi_re inject|tin. Thi.,, not only
im,vides ;llh,q_.mle injclh,r i)r,,_._-urc his.,., h,r .,.ud)ility. hut ;d,.t_ in('re;ises ._|)ecific im|)ul:..e at tilt.
Ill', thrte.1 h,,,t,I h,, ;tppn,xmlately T .,.ec, due t_ im'rea_ed _'.mhusti.n eHicien('y. Figure 3-5
_.tmv.'.,, in iecl.r 3.1"1'. =is ;_ tumli_,n of inh,t mixlure rati. for I._th t)r(q)ellant inject{_rs.
5.2.1.3 Controls
A I)a>_i%'e _ontro] i_,nli;,'ur;iti_,n win, _._.]ettc,d lt)r ]ow-thrli...t _q_(.rati,)n. ])uring the en_i.';.
I=])tillii/;ItiiHI [;i.k. p;l_,,,i'.t" ;lll(I Illilliilitlln ;It'llvt' ('()lltr.,i ¢_)ll[;_l.lr;Iti()rls were evahmte(t f()'
lull thrill,| (qwr;Itillll. ;in(I tilt' p;i_.ive I,q_cn-h,(q)) (',mired r(mj'i_tlr:ltil}il Was selected (_11 tl'l_,,
I);l_.J'. _,l" sJnlillJ('Jl):. ('¢,lltrl,] t-.),'>,lelzl .'-.illll)ll('it _' J,- ;i ])rJlllilr_' (.on('or!l ill a lle,,v er_c, Jlle (.lesion.
])et',lil:-.e {'h,_.ed-h.q) {_lllrl,[-, ;ir(. till=re ex.lH.IZ_ive. I_..s_, reliable, and require stlhsi;.lllti;lJ[.v Ill,ire
teslill_ lh;lll ,qu,r_ [{.,p t'lmlrl,] _,.
"]'r;im.;, ;:_ ;Ir{. ,.ontr,_lh,d _ith an ,,i)cn-h,,,i _ syM. "n hv raml)inl_ ('l}ntr(d ,,'alveg with time
,,r ,l'll_mi ° pre_,..ur i-'.,,b.. "]'].l.. t_,'l**' _l ;r, ll}-iclH t.mr,,I has been used su('('e_sftllly hv the
l{I,l(_ engine. 'l'hc _xl, lu,h_ , ,.it,, ,.u,_in_- wilh tl_v lurh_,pUml_ gee,red t_q_ether lend,, it...eh t.
Ihb. kind -t r,,nlr,,[ !..iu ..... ! _;.-,,hi.rt.ul I),,wcr limit.
ll'inlmim: th(, ,.ngum t,* ih,, de-ircd thrtl-t ,llt(t rnixl_Jrc r;tti,, level, at n,m_in:il xt,hirh,
i_r,,;,, lit,if i'a,_! i•l,lllhtll,ll-. I);,rin_ fli',iht ,q)cr.lli,,n. i}r,,i*t.][;t[-:l inh,t t,,n(hti,ms can vary [r_,! _
Ill*lllilhll it'\t[_ I*,'_.tl[li]l_ Ill llH\;tlr(' r.ltlO, ihrll-t. ;ill(} >,[}l.t'l!l(" imp,ll'.t' _.;Iri;iliIHl_;. |"i:__llrt' _'_ t;
_.h(,w_ till' viii', l- ,,I illlt'f [l_'( _,-tlr(. _.;lri_ili,ql_ I_l) i'l'_'i]l(' ]}*'rl_=rtYi,lth i'. I,( *_._, lh;lll 3' 't,;irl;t[llH1 I1_
tlirtl_.l ;ln{t llliXlllll, r,Ht,, ..,,;_l IL,',' ill _-[wlJlh' il}}]ml-t' re:..Hlt lr_,m the cxtrcnw_. {,t exlu._r,J
I)r_,lu•llmll inh.l I)l_-I.._ , '.ari,Hltnl-.
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I.(_w-tlarust spe('ific impulse characl,..ristics for the baseline engine are presented in Figure
5-7 as a function c)f thrust and mixture ratio. The 2 t. 5', dnq) in ,'q)(,('ifi(' iml)ul_c lcvc_ls
between full thrust and l(_w thrus! is almost entirely dt.e t. im'reased kil_etic Io_.st,s. t_bunctary
layer :rod di:'cr_('tlt'e h)s.,.t,s remain essentially constant on a delta imput_t_ h:l:is. (',m_hu.';tiozl
losses (tt, t'rea...(, due tt_ the increased ('oml)ustion efficiency resuh ing lrom tht' ga.-,-_as inject itm,
and ideal imlntl.,,e incrt'ast,s because t_l" the increased injeclc_r (.llth_dpy (t'.w to grt,at(,r relative
heal I)ickt.I) (enlhall)y I)Uml)ing) in the timml)cr/nt_zzle t'(_.lanl.
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Figure 5-7. Adt'am'4"d Expander Etlgim" 0[[ l)c._i,.,t_ L.t_ Thr.._t ('hclrmtcr-
istic. Re_,ised Ilaselim' Cycle Con[il4tzr.ti,m
5.2.2. Kilted Engine
Kitting of (:rilic'al engine coml)_mcnts f(,r h_w-thrust Ol)('lati-vl was it_ve_ti_:tlt,(t to (|eh ,e
possihh, improvem_mts in (,ngine l)(.rl'_,rmanc(,, life, and rt.liahilitv. I_,_t_l.tin( • vn_im, life
Iow-thrtnsl operati.n "_lready significantly ex_'veds all kn.wn r_.cluir_.mc.nts du_. to the h
sev(,rt, (q)cr_di_lg c_.lili.n_, m:_l.:i:_g kiltiv_g f()r life l)urp_>(.s x_._t prm'lical. Kilth_g of {he
ltlrl)(ml;_t'hinl.rv ,.,,';_sI)_)t C.l_si(h.red b(.(._,:.tso ,,f lhe n_:Lit,r c(_sl illll);hl. 'l'lw rt,sulls of thl
kilting in_ t,..,ti_ditm, ii_(lu(lil_i.: c,_st _h,.r(. al)l_lical)h,, ;ire l)r_,>t,nt_(t in 'l'_thl(, 5-:2 ;tnd tliscus.,,cd
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TABLE 5-2. KITTED I]ASELINE ENGINE SUbIMARY
Component Kitted
Weight Cost Impact
Change DDT&E Pr(wluct.,n
E/leer ¢lH ($M) ($M)
!. Controh Increued Rdiahility - 16 _ 1.0 _ 0.t
2. Chamber/No,,,le Optimized Design; -35 +51 +06
+14.5 _t.c lsp
3. Regenerator
Redesign
Optimized Design - 18 + 1.5 +0.1
Not_." 1. Ca_ta are roogh order,if.magnitude in FY'79 millions and sre increas¢_ above
l.aseline engine I)I)T&E levels not considering t_quzred consumables or facility
modifications.
2. Production co_tsare per engine co6t based on m buy of 50 kit',edenginea.
5.2.2.1 Controls
The c.ntrols could be kilted t- increase the engine reliability potential and decrease
engine weight relative to the ha._(,line (.ngine. The fuel control valve of the baseline engine is a
three-p.siti.n valve. If full-thrust .peraticm i_ no! required, the valve could be changed to a
tw..i)._ition valve ('_)nfigurati.n. This _votild eliminale the actuation system required fi)r the
third i)._,ition, which _ould slightly rt,dtwe engine weight and increase tile relial)ilily by
reducing Ihe p<_s_ihle.failure modes. Au even more sig_ificanl advantage can be gained ()n the
oxidizer system. If ftdl-thrusl .peralion i._ not required, the i_xidizer liquid tl_w system can he
eliminaled, as showll ill Figure 5-8. 'l'hi_ change v,'c)tzld a[so increase reliability by further
reducing the I)()ssihle failure modes and decrease engine _eight. A reduction in engine weight
of apllr.ximately 11; lb can I)e realized by kilting the fuel control and rein.ring the oxidizer
liquid c.ntr.I syslen_.
5.2.2.2 Chamber/Nozzle
Kilting (,f the chaml)er/m)zzle w.uld provide reduced weight and increased specific
impulse. Because of lhe high power margin at low thrust, the chamber/nozzle could he changed
to a e.unterflow c.nfiguralion instead of Ihe baseline engine i)arallel flow configuration (shown
in Figore 5-91. This all.ws removal of the regenerator I)ec,luse with the countert'low configura-
ti.n. val)(_rizalit)n (ff Ihe hydrogen, hcf.re it is used to cool the ehamber/n_lzzle, is no longer
reqtfired. ('hamher throat area can alst) be redt,eed and oh'amber pressure increased until tile
fuel pUml) stale line i_ reached or the entitle runs (_ut of power. Figt.re 5-10 shows the fuel
pump characteristics al low thrust for inlet mixture ratios of 5.0, 6.0. and 7.O. F_r this design,
the engine power limit was reached before reachi;:g the pump stall limil due to lhe significant
eych. It.wet h_ss res_llling from Iht, re_claerah)r removal. The it_t'rea._e iz_ chamber presstlre
pr()vides a slighl decrease i,i weighl and a significant increa:e in _pecific impul,e due to tile
increased arca ratio), itwrcased injector enlhalpy, and reduced kinetic losses. Figt)re 5-11
presents the ,_t,ecili_' impul._e re,.ulting I'r.m lhe higher chamh(.r ilrt.ss_re levels as well ,'_
hasl,li,w e_v'?_te lwrfi.rma]we. Killing the chamiwr/nozzle i)ro_i(f(._, a 35-1b redtwti()n in wei,:ht
and a l.l.5-_ec ingr(.ase in sl)ecif'ic imt)ul...e l',_r the 15(t()-Ih ihru,-t mixture ratio) _)t 6.0 con(lili.,n.
In c(mjun('ti(m wilh kilting lhe ('hamht, r/n_zzle assembly, the inje('l(,r c,_ttht I)e kilted I_)
pr_:.'tde ;t slighl decrease 1_5 Ib) in enghte weight, t[_,'._.t._ er, because _I ll_e bi_:h (,tticiv_wy _d"
gas-g;I._ injecti_)n ot the h;t%elille ellgill0 a[ h,w thrust, I_o i.crease in entitle |)_.rl()rma_)('e w_)t_ld
be realizt,d Ir.m lhe i¢_jcct_r chilll_(',
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Figure 5-I1. Law-Thrust Kitted Engine Per[.rmance Characteristics. Ad-
vanced Expander Engine
C_ lo6;'65
5.2.2.3 Regenerator
The regenerator could be kitted to decrease engine weight. Because of the high power
margin experienced (only 50% of the available fuel flow is reqvired to drive the turbine)
during low-thrust operation, the regenerator designed for full thrust supplies a surplus amount
of heat transfer. With the parallel flow chamber cooling configuratio,a, the re_:enerator is
required to prevent thrust chamber hot-wall burnout. Replacim: it at low thrust wilh a smaller
design, allows the regenerator to provide just encmgh heat transfer to vapc_rize the fuel pricer to
using it to cool the thrust chamber. This optimized low-thrust reeenerator design req',,ires 90',
of tbe available fuel fh,w to drive the turbine and results in a decrease of 1,_ lb i,_ engine
weight.
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SAFETY AHD RELIABILITY CO_',_PARISONS
6.1 eNTRODUCTION
Crew safety and mission reliability are iml)ortant c.nsiderations in the selection of an
engine c_mfi;,uration fi)r the OTV. As part of ttle Task 6 eff,,rt, reliability comparisons were
made f()r the 15K advanced e_pancter cycle defined in this study and a staged combustion
engine being considered fl)r the (.)TV. Parametric curves t_f mission and crew safety reliability
as a functi.n .f engine relialfility were also generated h,r cme, two and three engine OTV
vehicles with, and without engine-out capability. Relative differences in crew safety and
mission reliahility were then estimated f.r the two engine cycles using the relative engine
reliahilities and parametric curves estal_hshed previously. The folh_win_; sections describe the
analyses made and results of the safety and reliability c-mparisons. Reliability definitions used
in this study are given in Table 6-1.
TABI,E 6-1. DEFINITIONS
1. Reliability
Projected -- e:,timated I.wer limit based .n sample _ize
Engine -- prob,d_;lity of eneine .perating normally on next firing
Syst..m -- probability of vehi.le .perating normally on next firing
Mis._ion -- probaLility of mis_i,m being completed as planned
Crew (_fety) -- probability .f _rew returning safely.
2. Confidence level -- probability that true :eliability is equal to (.r greater than
estimated
Accountable firings -- engine te_tt_ that are valid f.r statistical reliability
dem-nstration purp_rses and excludes te_ts outside expected flight engine
eonditi.ns.
6.2 ENGINE SYSTEMS COMPARISON
Analysis was completed for vohich.s emph)ying -::e. two or three engines. A direct
compacts<in <ff crew safcty and ",'_i(m rt,li_dfility for these systems is show,a in Figure _;-1.
Assumptions fl)r this analysis were:
Of all main engi.e failures, Ill', will (h,str..v adjacent e,lgine(s) but n.t
damage the remainder of the vehich, includitl_ the attxilliary propulsi()n
system (APS)
'2. Of MI m_dn ,1aglow Iaihnrt.s. 5', will disable the vehicle
3. Tie re×ill.try pnq)t,lsitJrl syslem tAP.St has surer, reliability as main
( ':L';:, _>}
•1. N,, re_.('ue i;witlr;,,, are avail,,hh.
,'S. Six I)urn_ ,0re required I_) cc_Illpll,t_, mi_sitm
I;. Three Imrnr, arc required t. rl.lurJl Iht' crt.w
7. N. vehich, t ;_;'_' re:-,itlt:-, fr,,nl AI'S I;,ilure.
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Con figuration
I Main Engino
1 Main Ei)gin¢. I .'LPS
2 ,Main En_,)net
2 Main lingirtes
2 M_in I'ngi_lcs
2 Main Epginc_, I APS
3 Maln Engines
3 M_.in I_glnclt
I ME
I ME
2 ME
I M F
2 MI-
2 .MIE
2 ME
3 ME
Safely Rcqm't
I ME
I ME or APS
I ME
I MI-
2 ME
I ME or APS
I ME
2 MF
Minion ._.)tcty
Rcl Rcl
MI St
MZ S2
M3 $3
M4 $4
M5 $5
M6 $6
M7 S?
MS $8
A"
oq
.2
.'a
!.0ooo
0.9800
0.9600
0.9400
0.9200
0.9000
00.[_0.9900
$3,$4
$7
$8
M4
M7
SI
M 1.M2,$5
M6
0.9920 0.,°,940 0.°o60 O.c)'9i"iO
Engine B_irn Rehability
1.00W0
I"igt_r,' ti-I. In:l)rt('t o[ ('¢)_;[igttr(Hi,,rz fnt _17'_' _t_'m I&'lr,H,ilit.x
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Of the eight ¢,_nfigurations presented in Figure 6-I, a two engine system with an
engine-out safi.ty capability and a single entire* system with an APS safety I)a.,'kup provide the
highest com|liued crew safety anti mis.-:i,m reliability lt,vels. Figure 6-1 also illustrates that
engine reliability near the present RLIO dem.nstrat_'d reliability of 0.9382 {_)', ]tm'er bound
c.nfidence} is pr.bably necessary to provide adequale mission and safety reliability.
Using assumpti,,,ls similar t- th._;e pr.p.sed by Grumman as shown in "Fable 6-2, an
engine system reliability of 0._97 a t the 9t1', confidence level is required f.r a man ra:ed
vehicle. Uhanges were made to tile (;r_Jmman a.._umptions and the re,-.ulting reliability
estimates are shown in Table t;-3.
I. l,_;ss of entire O'I'V crew is 1 in 50 instead of single t'rew memher
"2. Losses due to engine are ],ri't instead of 50',
3. i_sses in S'i'S phase ,,f mission are n.t considered in 1 in 50 crew career
loss.
From "l'alile tq-3. it is ,q)parent that a muhiple ent:ine system with eni.'ine out capability
re(lilirv: a lower enl.:ilie reliability. |{tlwevt, r. Figure G? shows that t. demonstrate this en:4ine
reliability wtmh| require tilt,re lha; 22till ac('lltlritahle engine firings without a single failure.
8.3 ENGINE RELIABILITY
The inherent reliability .f an en_.:ine is a fuvwiion of its parts (e._.. c.nirols, mechanical
and Mrtwtural design, cyvle, vvc.) and van otlly be (h,m,,nstrated by firing the engine. I"igure
6.3 shows denl(mstrated engint reliahility at 9{)', omfi(h,n('e as a function of the number of
firings. This ligure sh(Iws that large ntimhers ,_t' en_itw firings are necessary to obtaill high
denl-nstrated engine reliability an0 any |)fihJre redti_t.,, demonstrated vn_ine reliability signifi-
cantly. As ;in eXamllh, of the time reqltirtqt tt_ tAitain high reliability, dem.nstrated I_|.l_A-3-: I,
engine reliability is ..,hown oll the figure.
Ilecatxse of flu. ex_',,s_.ive hi,miler of firin_:s required t,, ,,lltain ti_e de_,ired demonstrated
engine reli,thility h.vels, the inherent relial_ility ,,f the ()TV .n_ine_. Mi-ttld hi. maximizt,d. 'l'hi_.
can he :wc, imvli.hed I,y rethncin_ the number ,,f' f_*il_;, m,,d*,s _t-s,mlih,xity) 0,f '.he er_ines.
elirninalit_g single p,_int faihtres wherever ll.ssibh ,. and ruin|hi|zing ttw iltlmltt, r of ,'al;t:..tr.phe
failure re.des.
('_litrt,I system _.implicity i., a llrimary driver ill ,,I,iainit_IZ an el"q_ii'le will', hii:h inht,ret_t
reliability. Figt/re I;1.1 _lt()_*S tilt t rvlative ettxlfrtt[ t,Cillllii0xitv _l_ a flirlt'tilm tl| the ntlxnJ_0r ,_t
engil_e parameters i_ll cl,..t,d-h.tp c.n ,d. 'l'hi_. ti_ttr¢, i., con.t.rvative siilt(..:lly sin_:ie I11(q|_tlrt,-
ment inputs were ;lsslinlett I,,ll ill tyl,ical aPllli('ali,,n red_ltldavlt m,,as_trelneills art • tttili/t,d.
I"il:tire i;-5 (ba_,ed ,,ll ,/a,. Itirbiqe ell_.:ilw t.lcctr,,t_it' ct,_ltrol reIiailility) rt't:lte., ih- contr, d
('l,tnlile_,/JlT,' fi_ ti_.r '* t,ili"t' li¢ltil}li'r ill' l;lihlre.., il_di,',ditxg thai the Ili!i'llitt,r ,,1 fAilllrt,y, ill('rt,it_.t,s
a| tl;I-*or |hitil ! t,llt, |ll (lilt, rclalt_,tlship _ith ion_pl.xitx. 'lhi- i_tir:_.ll,,_, lh,lt llllh,ss I}lc |till('
;lll(I IntilXt, v itl ",_ ,ik;I I |lilt' Ill .htain a dt.,mtq'_str_tled n.[iahilitv ill.llllllt,r hx' ;Ict'tlllltlizltil_._ ;i;I
t'Xi't'_;SiVt" nilillllt.r i_l (.ligillt, firi,l_s, a sinllih' t'l_l_ine ('yvle wiih a nlillinltllll i_l ch,.ed-h,,,l,
elllltrl_l liil_t-lil>ll-. ,t_,,llilt lit. seh,t'led ti,r the (ITV ollTilll'.
Single ll,,inl I'aihire In,l(ll- ,,tll lit, redtict,_t llv IW,,_idi_ll: rtqtililfl;till s_,..ll,ill_,, lI,,,,_t,_.t,r Ihi-.
is ill)l altl,iiys l),_..illle. ;|rill in ihll.(, t,llSi,s Itit. s'_'s|t,lll sh,_ltld lit, illil(ll, t,lil -.;|Iv. illl{t iidlli!i,lll,lllv
sh(_tlhl Ill. dl,sii_lwd i. llli(,rall, e%(,ll witt_ ;l iliilior lii,ltfililt,lllqi tl,.g.,-lr1117;lh(.liilil_ lh0 it_.lil<il<lr_
llil il _;iIve -_ lh_il it _,lier_llt._ eVl.li il iillt-rll31 hiiilli:l_ J_ lirv-elil).
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TABI.E 6.2. ASSt_MI"I'ION."; FOR MOTV MAN RATIN(;"
I in'_)
10
0.99fi t] failure in 500t
• MOTV crew member career ri_k
(i.e., crew tareer survival rate = U98|
• A_umed number .f mi_,l_m_, I_r crew
meatier
• Itence, crew mP,_ion _ur,'i_al rate.
Thi., per mi_,,.n ,urvival figure has t<) he .l-
h_ated l_Ptmeen the S'I'S and .M()TV [)has< s ....
making an arhdrary, even, di_,'imi,+n me have;
• Survival rate f.r ."iTS i)ha._e ,f mi_iofl 0.999 (| [Ailure in |(XWI)
• ._urvival rate for MOTV phaa¢ of mi'aion. 0.990 tl fa{lure in 1000)
)')rttiminar) AHl*cati,n <# M()TV ('ala.str++ihic Failure Llkehhm_d
c.it !,.!+_.b+__tf m..... ,+;_A!t<2_oj!,,__ _M;_,+,!;,,+,_;,+:r.('<_tOm,t_,ph ic FmIj,,C_
Main Propul_i.n 50 2.1)00
R(':'; If) 10.(XK}
El'.'.; H 12.(X)0
Avi< ,n it'.'+ 7 14 ,I_X)
E('I._ IO It}.t_;0
Radiath,n Pr,,tet ti,,n 12 R.0(Y,
Crew "l'ran_fer 3 '.H).t kqO
Ft,_,_%'ater O co
Overall :':,truct ure O Oo
.4*lilnPi+'t# (:+.o+')n<'hr+,n.t+_+" ,_+_+l++n IP+'qt.+tr*'_¢+if+ qnd ._+)+tcrns
r|rl++I/Xsi ,; .%'ti'd.'+, (;rumman Aerospace ('{)rp,_raliorL "; No,vemiK.r
I<.179
* l't t'l i-rence;
"I'AIH,E ,; :L Ill,'(tl'llll.:l) ()TV EN(;INE I{FI.IAP, II.ITY
........ t_',,,,[,_,.f.f,,+,_.......... +_'._,,,../+,+h_h,t,t;, ___,::..t,+],..I¢,.#,._.++,+,
I Ilhirn :l |ltirn_,
_inKIP +%tiiill nngille (I.9_,titt+i 0,99,q7
Tw¢l .%|ain b]ilKillt'- with I') (.1995 4+1._197
Engii.' ()ut ('apal.llt', h_r
Thrl-I + ('rt, x+'s S+lfe Hi'turn
41111. Miiill I']n_ille tiilh Jl'_ (i .q<.t_.+_t 11.9997
It;.'k.l) f+,r ('re_.',_ _li|l" Rt'lilrn
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The numl_er ,if cat.lstrophe failure modes of an engine i.,, a fllnction <,f the engine cycle
nnd the control _y_tt.ln. An exl)atlder cyc}0 enllino h0.s fewer p, deulJa] calt+,slr,,phe fl|lltlre
l_ut|es It',it:{ a staged ctw, li>tL_tiut_ ¢.'y¢[e t, ngitlx, [)t.'t',','_l.--,e it is power limited and requites fewer
c}osed.lt,t,p control fttllt'ti,ms. (;earil;g the lurJ)oI)unt|_s It)gether _flso it;creases the inherent
reliability of ,1111ellI,,it|e I{ecatl,..e it reduces the IlUfllht'r tl,f centre] ttlrtctit_|i_ a,ld a[,,o prevents
one of the turbollt|nlps from aet'elt, r_lting and ¢.'all.,.tt;X tl cataslrophe f_tll,.ire. A series turbine
engine eon{iguralitul reduces the I'Lu_ conlr,[ requiremertts v,'lfich increases the" ilfl_erent
rt.liahilily. The most inherently relUlbtC ¢.'llgille Collfigl.ir;ttion would t_t, till ¢'Xl>ar, der t-j¢c]e _,_ith
ol)ell-hutl_ c<mt rol, :I st'ries Itlrt)ine t'olll'igtlr;lt it},ll, illld t he Iuri)optttllps gedlrt'({ t¢>{.It'ther.
6.4 FAILURE MODE COMPARISON FOR ADVANCED EXPANDER CYCLE AND STAGED
COMBUSTION ENGINES
The staged comhu_litm eixg}|',e evaluated i,_ thi_ task wa._ a 2IlK thru._t engine defined
under (',tlllraet NASS-:i29!t6. It was t't_nll)ared wit h t he I.SK tbrust advanced expander cycle
engine t)l)timiz('d in ]'ask -; ,)f t his study. OI)eratin{" t'h:mu'terist ics ;lilt{ t he cy<'le f,,r I he slaged
¢',)nlhusthm cycle engine are shown in Figures 6.6 ant| 6-7. ghnil,,r hlfornlatitm for Ihe
expander t'ycle ellgine h.as {)een previuusly discussed.
To _,ecomp]i:;h the reliahilit.x t'otllpllt{St)ll, cycle pressures m'td temper,ltures and engine
design ;rod uperating characteristics were evahtaled for the two configurations. A cun, paris,,n
tit e?,'cle parameter ]e+'vls for tile two ,.'t_nfi[,'llratitllls is shown ill Tallh, t;-.l whih, at ,'t|ml_;iristm
of design features for t,ach is shown in Table (;-,q.
Tht' staged cmnhusli,n engine operates all ;I chamhvr DressY.ire ,_f 20J,I(Ipsia _vl,ile the
expand,.r t'ycle ¢)})er;llt'.', at l.t),'4(i ' I)Sia. I+,t't'attse o1 its hi{:her chamher presst,re, tilt, stglged
c<mlhustion t,ngint, l:t'nt'r;llly has hi_:ht, r system prvs_,tlres illl<I tt'ml_er;itltrt's lh;ln tilt" t,xp+Itlder
cycle. II utilizes t'onlhtlstion ImuhlclS hurnt,d at ;I It+x+ IniXlure ralit+ ill il prvllurnt+r h+ drive its
luitin pttm},:< v,hih, the t.XpgUUler c_,cle uses hydr,+_:eu he,ded in the re:.',t.txerativt, chauxher and
IIOZZle alll<{ ;I rvgt'tl('l+alur to dri+e its pUlnl+S. The st:U:vd comluzslion t'llvine utilil, es +|11 aeli+'e
ch,sed-h,up Plet'tr,,llit' t'tmtrol systtqll ++hilt.the t,xpan:der c!,'ch.¢.ngine u-t'.-sol,.n,,id,q+t,r0tec{
Villi'eland h>drtmwchanical ,'(,nlrolswith n,) ch,.t.,lh,q+ Iu,z,'ti,,,tsfor its c,,r+lr,,I.Ill the
staged c,,mhusti,m ,.ngipe all lnUnl)S tq+t'tateindt,pt'ndelttly v,hile in the ,,xpa,vlt.r,.'>,+'It,eut:ine
all pt,ml,'; art,gear(,({ tog:ether elimi,lali,lg tht. lleed :,,r;in ;if'fix-(.c,,nlrol system.
I)esign fl.alurt,s nlld tq+eralling char;tcterislJcs for the Adv+_mcvd I'xpal+der t',_iu,, ++ere
evaluated to idt, nlily its faihlre re<files+ A filihtre lilt+tit' :lU({ eflect.., llnall+:-is tI'.MI'AI h,r the
i{l,lllA.;i.ll t.nRine ln,uilfied l<, reflt,ct dift't'relh'es to,- the ;'kdval+ct+<t I'lxpandt,r engine +xa, used
as tile Ii;,sis.A total (itt;(;failure m,,des +vere idt,ntifit,df,+rIbis ,,n_li,u,.
These f;lih,re ,node:- were lilt.l)evahlill,,d ils to l,,,fe,lli:llh;l:ar,{ and classified :l+ t,,lit,,
likt'lih<,,,d,,foccurr,.,ic,.,lI,,/i,,{ti_,,+l the ,'la,;.+;ili,'ati,,,>tilt,<{h, _,:i<lvthl, |'.fib,renl,,dc..;bx
se+t,rily a,,d llkt,lihood ,,I,,tCllli.llt'¢.;ill.sh,,wr) i]+,'l',ibh.i;+;and t,'7.l'r,,xi,,usl{l.lO ,,\perictlce
with similar l;lih,r,.,,,,,,h..as well a.; ;i.Ivanccll expa,,der ,.n;_mv ,,pcra:,.,_g<',,nditi,,,_..._verc
considvred iu cla._.ilv,n_,th. lilihm,....It w.i. _n.._mm,d fh+it rvdl,ndiaiH \vhlcl,, I_r<,pcl],mf xAb,o-
_l,,tlIi,.lit,,,,-.!,,,[_,Itv.ilv,,-,.,.,,i,],l{,t' a,,:lilahh..This v,,,uhl ,.!imi,,_+t,.+he h:,::,rd .,_.:It,.n.,:mo
{aihlres ,clv,d I,, [n.-suf xvhicle l_r,,i,,.I}anl- or hvh,tm. "l'hv i:uhlrv in,,d,.s idcnlHivd ;rod
ha/ard cl;i:.-ilic.ili,m_..i,..i,.t,,.({are s}imvi_ ill+{'ahh,t;.'.;
('h0v h,ur f;,ilur,,m,_d,.s h, + lhv &dv;Incpd l':Xl_a,u{t'rt'ngim, +vt,r,.t,,,md t,,l_t.in lh,. N,,. I
or No. :! h;_/;m[ cat<,:,,r> ;hkvlv lu cause co_lltflt,lt, sy_.lv_l_ Io:..s _,r l,<_{,,r -\-t,,In d.ln_._;:,,_ 1_;._.,,d
t,n lhi>.,,u,.dwr .f h:l:.,r,h,,-.I;,ilt{rl.,u,,th,..it was t.-.till't.lfa,¢{lh:if,,ii{.,,'If'. ,d'lh,.l;,i]urc-lot ;ill
Advarlcl.d I':xp;,I_d,,rt.i::.int,v,.<:,t,h{rt,sti{lin (I;ml;u:,.I,, a,, ;,,{:F*,,,tltn;:tIIt'.II v,,l- l_,rl}It'f
t','+,lil,I;M¢'d tl+;tl OlIl> :I , ,,I the ('ll{_illt' t;l{{tlrt's %t,'¢,tll,{ t{:l,tl;l{.it+ fh<" xt'{tttl,'.
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TABLE 6-,1. COMPARISON OF ADVANCED-EXPANDER
STA(;EI)-(_OMBtI,";TION CYCLE PAI,_AMETERS
AND
Advanced Staged
Expander Combustion
Thrust, Ib 15,(El0
Chamber Pressure. Imia 1505
Chamber Mixture |{atio 6.14
Oxidizer Boost rural) Ill.barge })re." ,ure, pain 77
Oxidizer Bt_t I)umD Speed, rpm 2980
Oxidizer Bo<,+_t l)ump Turbine Inlet Pressure, psia
"Oxidizer H,(x,st Pump Turl)ine Inlet Temp<,rature, °R
Fuel Boost Pnml) Discharge Pte+tsure, psia 47
Fuel Boost Pump Speed, rpm 30.600
Fuel P,(,(mt Pump Turbine Inlet Pres._ure, psia
Fuel l),ooat l)ump Turbine Isle Temperature. °R
Oxidizer Pump Discharge Pressure. psia 2160
Oxidizer Puml) Speed. rpm 56,790
Oxidizer Pump Turbine Inlet Pressure, psia 19.50
Oxidizer Pump Turhine Inlet Temperature. °R 815
Fuel Pump Discharge Pressure, p_ia 3390
Fuel Pump Speed, rpm 115,000
Fuel Pump Turbine Inlet Pressure, psia 3440
Fuel Pump Tur|)ine Inlet Temperature, *R 884
Preburner Combustion Pressure, paia
Preburner Cnnd)u_tiou Temperatule, °R
20,0t_
2OO0
6.43
133
6020
4438
<$06
74
24,6.ql
4438
.,:.8O6
4852
"/0.t+")0
3297
I t';tR)
4,563
95.0(10
3297
18(;0
3307
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TABLE 6.5. COMPARISON OF AI)VANCi:.D-EXI'ANDER AND STAGED-COMBUSTION EN(;INI
I)FkSI(, N FEA'I't)I{ ES
Component Adl.qnced Extmnder Staged Combustion
Igniter
Fuel B(_st •
Pump •
Oxidizer Rot)st •
Pump
Fuel Turlx)pump •
• Hydrogen ('(mled Torch Igniter
• "l'w..qpa:k Igniter++ and Exciters
• No Igniter PrnI)ellant Valves
Inducer (;ear Driven by Fuel Pump Turbine
Two tlydrt,gen-CtK)led Bearings
.qealed With I,al)yrinth ,+.:,cals Upstream of
Rear Bearing
Inducer (;('at Driven by Oxidizer Pump
Ttarbine
Two Ih'ari,,gs - Fr.ul I.O: ('o<)h.d and |{ear
I.I1.. (',,.h.d
.(";haft Seal l',ukage to l+,,lat(. (;H: in [;t.t_r-
Box from I,t): in l)ump
2-Si,lg(, ('entrifugal
[}oul,h,.Aclil)g Thrust I),alance I'i,.ton
Back to Bark SShrt,ud(.(I lml)('ll+'r_
2-HStalo' Par|ial Atlmis+6,)n "l'urbt=,,, I)rixe
Sh)*,udi'd Blades With Blade "rq) I,ahyrinth
_t.ats
'['w() I'lvarh;gs tt?,dr,,gen ('o()lvd
130
• Two Hydrt_gen-('ooled Torch Igniter++ tPre-
burner and Main ('haml)er)
• Two ,+.:'park Igniters and Exciter), for |)re-
burner
• Two .qpark Igniters and Exciter_ for Mai
Chamber
• Two Igniter Propellant Valves for Prehurne)
• Two Igniter I)n,pellant Vahes ior Mai:
Chamber
• Inducer Driven by ,+.:,cparate l-Slage Turbin(
• }h)neyc<)mb"rw Seal
• Three Bearings
• Inducer I)rivvn by Separate l-Stage Tuft,ira
• Two I:h.arin+._
• "I'hrev .'<haft S(,ats to Separate Turl)ine till
frt)m l,().+ tr_ I'ump
• 5: Stage ('(.rllrtftt_al
• I_alance I'i,,t,.n l,,r 'l'hru_t Balance
• l:+xl(.rt)al Seal .I<,mts (,n l'ach ('r,_;-O','er f.)
O 2S'ta_e "|'_+d)me l)r),.+ With l'nc,_,h,d F.tsdc
• .Khafl ._eal I'acka_e I)r,.+suri.'ed k't,'lth I.}I t(.
I_,,)Ial.. I)urn[) fr.,m "I'tJrhi+)e
• Sheet Metal I.iner in Inh.t .M_,r_d,,ld to Mitt
imi.,e I..w ('_.¢le F':lti_:ue
• Fottr ll(.ar ing_-
TABLE 6-5.
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COMPARISON OF ADVArqCED.EXPANDER AND STAGED-COMBUSTION ENGINE
DESIGN FEAq'URES ((_ot,tinuett)
Component Adt,anced Expander Staged Combustion
Ozidizar
TutLmpump
Gearbox
• l-Stage Centrifugal With Shrouded
Impeller
• Single-Acting Thrust Piston
@ I-Stage Full Admi_ai.m Turbine [)rive
• Shr,,ud_J Turl>ine IU,:d.,a
• Shaft Seal Package to l_late GH_ in Gearbox
from LO_ in Pump
6 Turbine in Serieu With Fuel Pump Turbine
• Two Hearings - Front LO: Celled and Rear
I,H: Cooled
• Speed Synchronized With Fuel Pump by Syn.
chronizing (lear Between Two Pumps
• C.mmon Gearh_t fi,r All Pumps
• Two Power Drwe (lear Trains
• One Sy, nchrnnizjng (;ear Train
• GH_-Cooled (;ear+. With Dry l.uhricant
Prehurner • None
Comhusth)n
Chamber
Regenerative
Nozzle
Extenddde
Nozzle
Main Injector
(;O: Heat
Exchanger
|_egenerdO,r
a Milled Copper (,hannel Cham|mr - Area Ratin
of 6:1
• IS.in. ('haml)er l,ength
• Single Pass I'.,rallet How ('ooling
@ Tapered 'l'ube,_ Furnace Brazed
@ 360 'l'uhes III40 Short and I_tl I.,.ng)
• Area Ratio of 21h"l:l
• "rw..Pasa ('(mllnll ll'arallel, Then (',,unter
l-'h,wl
• Radiati(,n ('t.,led . ('arlmnl('art_,n Malerial
• Area I_tltitb of 1_40:1
• . No If: ()'.olin,¢ Required
• C,n-Axial Elements
• Reginwsh Face A,X_H, l;II [',.,ling
• Tangential Sh+t tl_t,liler l"h.menta
• Mdh.d ('hantwl l'l,,t, (',,u_.trutli,,n
• Tw,, I'ass,'s |.r I,1) ; (tin, I'._'. f.r f;l'l Right
At,,de FI.w
• (,l) Val".e ('c,ntr, d'.. l:l,,v. 'l'hr,m_:h ll,+x
• I'r,,vid... (;(1 f.r T I' and TIll
• ._|{Hcd ('h,,t,twl Iq,le C,,n,;tr,t<li,,n
• S.,++,.l.. l'.+s lot I¢-th Fh+w_ - Right Angle
I"!, ,v,
• l-Stage Centrifugal With Inducer
tt Balance Piston for Thrust lqMante
• 1-Singe Turbine Drive With Unetx.>led Blade,
• Three Shaft Seals With (;lie Dam to Sepa-
rate' I.0 z fr.m (;H,
• Sheet Metal Liner in Turhine Inlet Manifold
to Minimize I.c,'.v.Cycle Fatigue
• Four l_earin_ - Frunt 1.O: ('t_,ted and Rear
• None
• Co.Atial Injector
• GH_ ('t (,led 1 iner
• Milled ('<,ppcr ('hannel Chaml_er - Area Ratio
of 14:I
• Single Pass Counter Flow ('txding
• Rra_ed Tu|>,dar Cno_;truction
• 4(_) 'l',d>es
• Area I+_alh+ .f 175:1
• Two Pa.a Ct_ling (Parallel. Then Counls:r
Flowt
• I)ump ('o.,Icd With Cooling Flow 7.ore Fuel
I'u,n l) I){,-.tharge
• Are+i Ilati,, uf 4t_:l
• Noz+h,... at End .,f Each Flow Tribe'on N.zzle
• 11)12 lh,and ('rt..s-Secthtn '1"ttl_e+
• Ilt_ ('n Aminl Elrmcnt._
• Ih.gime,+h Fa, e +d,'tlh (;}| (',,<,ling
• ('ap.'., Parti,dlx (fret ]';rltriH+re !if t'Ixldiler F.]P
mane',,, _l.at tntidizer Inh,l t. (;ixen E'.en
Fh,w I'ti.trd,ulnm Atro._ Injector ["ace
• ('han,u.I W.,t[ (',,n,.truction
• l,,.:.,,d Ar,,und Nlai,; ['ha:,d.,.r "l'hr,,at
• I'r.,_id,,_ (;t1 for Igmlers.'l I' and Till
• _<tfl¢,
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TABLE 6-5. COMPARISON OF AI)VAN('ED-EXPANDER AND STAGED-COMBUSTION ENGINE
DESIGN FEA'i'tII_,ES (Continued)
('omp.nent Advanced Expander Staged Combustion
Eztendihm Noz-
zle Rat raction
Mechani_,m
Controls
Monitoring
Instrumentation
• Uses Three Ball,crew Jackshafta
• Two Drive Motors
• Flexcahle Between dackshafta Maintains Syn-
chronization
• Cam Lock Secures Nozzle in FAther Position
• Electric Solenoid Used to Unlock Cam I.ock
• Four Solenoid Valves
• Nine Propellant Valveq (Two Make Up Main
Fuel Control)
• No Ckvsed,l,oop Controls
• No Sensors Required h)r Control
• No Modulating Control Valves
• Electrical Power Required for Solenoids Only
• Seven Pr_.pellant Valves Are Open/Closed
Type and Two Schedule Areas
• Operating Mtxtes Are Selected by Actuating
Various Combinations of Solenoids
• Active Control Not Required Because All
Pumps Are (teared Together
• U_ Three Rotating Screw Jacks
• Driven try Single Power Source
• Flexible Cable Used to Synchronize All Screw
Jacks
• Cam I,ock Secures Nozzle in Position and
Carries Load
• 13 Pr.pellant Valves
• Uses Active Electronic Control S.wtem With
F,edundant Features
• Electronic Actuat.rs for Valves With Addi-
tional Pneumatic Actuators on Sis Valves
for I_ackup
• Ch_.ed-l_amp Control of Thrust and Mixt,are
Ratio - Required to Maintain Safe l.imits
During q'ransient_
• Five Redline Parameters Monitored
• Redunda:'t Scn_)rs Used for Major Control
Parameters
• All Valves Welded in Place to Minimiz_
Leaks
• 13 Parameters Monitored • 60 Parameters Monitored
TABI,E 6-6. HAZARI)OUS FAII,URE (:I,ASSIFICA'I'IONS
Class I:
Class 2:
Class 3:
Failure which is likely to cause death or complete system h_as. Includes I.ss of all
vehicle pr,,pellanta or helium.
Failure which may cause injury or major system damatze. Includes maj.r damage
to an engine.
Failure which may cause minor system damage resulting in a mission abort.
Includes minor damage to an engine.
'I'AIH.F 6-7. FAII,URE I,IKI':I,IHO()I) ('I,A.'-;SIFI('ATION._
('la_s I: }ligh prohahibty of (wcurrence at s,,me time during hh ,f engine.
Class 2: Mtgierate pro}mbility oftwcurrence st sume time dt_rtog hfe*_f engine.
(:.13._s :J: I.,, w i,rt,Ij._!_i!!tyjff ,wctUt-ence Bt _?)m_e ti,nee d.!!l'i!sg hfe ,,f rm:inc. ........
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Design features and operating eharacleristics fltr the staged ct_mbustion engine were then
compared to those of the Advanced Expander engine to iden;ify relative failure modes. The
relative c-mparist,n was made because sufficient detaih'd infi_rmati.n was not available for the
staged cembustion engine to accomplish a complele FMFA. Each comtmnent was compared
fltr Imth engines to make the faihtre mode ccm_parison. The relative comparison of failure
modes is shown in Tables 6-9 and 6-10. The staged cnmbusti.n engine has at least 49 more
failure m(Mes that are unique to it while the Advanced Expander has 6 that are utdque. This
results in the staged combustion engiae having a total of at least 43 more failure m_Mes than
the Advanced Expander engine.
TABI,E 6-9. COMPAI¢IS()N OF I'OTENTIAI. FAIlJ._I_E MODES FOR .qTAGED-
COMBt:STI()N ENt;INE REI,ATIVE TO AI)VANCEILEXPANI_ER
ENGINE
_Cc_mp.nent
Igniter Syntem
Fuel P._K_st Pump
Oxidizer H(M_st
Pump
Fuel Turbo;pump
Hazard,,us Fadure
F.ilare Failure M_Mes Fatlur¢ I.tk'cl_h,_._
M"d£._C?_9_Pa_r_'_['tL ......... Ila"ard"us __Cl_as_'J_,'at,,'n _._{[la:_._2hcatj!,n
Same f_ilure m_ch._ as Advanced Ex-
pander Engine except:
1. More imtenliM failure_ - Two com. Some
ph, te s)'t;tems u,ed instead nf one. can |_
2. Igniter pr.pellant valves may fail
to operate.
a. Fail h_ q_pen (no ignition_ No
b. Fail to close (may burn igniter) 'Yes
Same failure modes as_ Advanced I':,t-
pander Engine vxrept:
I. Potenlial fl.r one additiomd Iwar- Pr.h.bly
ing to fail not
Same faihlre ml_.tes a_ Advanced
Expander Engine
Same failure m,_les as Advanced Ex-
pander Engine exvept:
1. Potential f,,r two addili.nal Yes
hearing_ t- fail.
2. I'..tential for lurbine failure day I,_ Ye_
(Iver t e In _.4, r41 | i i re
:1 M_,re p.h.ltti,d fl,r fail,arcs a_- Yes
_wialvd _ah hnpelh.r rub I'_t.s
thrt.e _,t;tgt._ inslcl.c[ .f two
M..re I..tential f.r bah*r,.., r,,lJh.d Ye_,
to _-val._. Mut'h ]ar_vr t_,ml_Prtttt_re
(ti|h.rt.llCe))*'h_*Pl'l_ Jim: H) ;rod hlr-
hine fluid,_ l.ll rt,t|tllrt.l| ill st'tit
pavkage.
S.me p.tentmI htr ,'-heetmetal linvr Na
in hzrl,me mh,t manif, dJ a.d fur
him. d*_k ,'-_,'r t- hill. N.I m', d,.d
Iql lo_('r t i.in i_*(•r_l | tl r t, i*xl_lll(_t, r
enl:in,.,.
]43
3 (man?.' s_,'stems
have redun.
dancyl
3 3
2 '2
l 1
7_+r
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TABI,E 6-9. ('OMI'AlilSON ()F' I'OTENTIAI, FAIIAqiE MODES FOR ,';TA(;EI)-
COMI'tUSTION ENGINF llFI+A'I'IVE 'l'() ADVAN('EI)-EXPANI)ER
ENGINE (('onlhlt|ed)
Oxidizer
Turbt_pump
I)rebtlrner
lleg.,nerntive
Nozzle
Hazard.>ut Failure
Failure L_keliht,,_
('lassi/. at_,,n ('las+l[it att.n
2 2
! I
1 2
I :t
I 2
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TABLE 6-9. COMPARISON OF POTENTIAL FAILURE MOi)ES FOR STAGED-
COMBUSTION ENGINE REI,ATIVE TO ADVANCED-EXPANDER
EN(;INE (('<mr imwd)
llazard.ux Failure
Failure Failure ModeJ Failure L_kelthood
Component Mode Comparison Hazardous Clc ssi[wat_on ('la._sl[_catJon
Main Injector
GO_ Heat
Exchanger
Extendible Nuzzle
Retraction bleeh-
anism
Same failure modes as A4vanced Ex-
pander Engine.
Same failure mc_des as Advanced Ex-
pander Engine except:
I. More [intent(a[ for failures because
two valves (fuel shunt and (;O_
fh_w ctmtrol) are u_e(| to contrul
heat exchanger flows.
Same failure m_des as Advanced- Ex-
pander Engine.
No
Controls Many more putential failure modes in
control system:
I. Pntential fi,r four more prt_pellant Yes
valve failures (13 vs 9 valves used)
2. Potential fl,r failure of actual.is Ye._
on all vah,es.
3. Potential fi)r misscbeduling of Yes
three modulating valves. ('ritical
during transient._.
4. l)_tential for many failure_ in eh.c- Yes
tronic cuntrol system and as-
socie*_, a electrical equipment.
5. |hJtenlial for failure of ch_sed-h_,p Yes
control sens_)rs.
6. Potential fur failure of five redline Yea
parameter _ensors,
Monitoring Same failure mode._ as Advanced Ex- No
Instruments- pander Engine except pl,tential f,,r
tion muny m.,re H;[) _ 13 parl|rl_l'h'rs
m.flit,,red L
1 2
I 3 (redundancy
on maj[ir
valves)
1 1
1 2
! 3
I 3
These relativv I';dlure mudes wen, e ahmted l- w.,cerlain if' th_,y w(,uht I)t. ha/ard_,us, m_d
('lassified I_r _.everitv and likeliM.,d usin,g Ihe .,.ame a'rit_,ri_ a_ u..d earliur h,r lh_, AdvaTwed
Expander ,.n_.,i.e. 'I'hi_, inf.rmali,m is im'hlde,I in T d ,e.,, (;-!t ;rod _;-I_1 f,,r <,ad'_ l:dhlr_, re.de. A
h,lal -1 ;',,. ,d' Ih(, failure m,,rh._, unique I_) the ,qa_cd c(mll)=.lsli_m cl_;2itm ',,,,_re f,,_:(t Io have N_).
1 .r N.. '2 hazard_,u., ch=,.,.ilicali.ns. ()m. v, as h,und in Ihe _; I;_ilure md_..,-, _mitiue t() the
exl)ander cycl,, vn_.im,, t'_a,,ed on lifts inf,,rmali.n it was csli,_Hh,d that :i _', .,f th(, laii:_res f,,r
a staged c_,mhusli_,n ellgine _uuld result in damaye to an adiz_c(,nt t,ngixw, h was ;l!._,
estim.ted thai al h,a._,t 15', w_,_dd r_,suh in damage h, the vehicle. 'l't_i_, c, mH_:tru., t,, ti at_d :_,' .
re_.l)(.clively t.slhzi4ted h)r the AtJvarlceil l':xpal_der el1_il'_i,. l'h_. t+_ur_+h(.r ,+,f f4ilure m<+dt.-
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V,dunteII
estimated fl_r the staged combustion engine is probably low since sufficient information was
not available to make a detailed evaluation of the control system. However, many more faih,re
modes lh;.llz indicated probably exist in that area.
'I'?,BI,E 6-10. EVAI,LTA'I'ION OF I'OTEN'FIAI, FAII,U'RE MODES tINIQI, IE TO AD-
VANUEI)-EXPANDEI{ ENGINE
Hazardous [:adure
Failure M.des Faih_re I.Jkehh_.d
('omp__,n_f.nt Faitur,' M.d," Hazard,,t,_s_____ Cl_a.,_t!/_J£ot_!,,_n_ C'las,_,_[,cat,,n_
Gearl'K_a Failed gear Can be 3 3
Controls Failed solenoid valve - Four tls,.d on
Advanced Expander (?ycle Engine.
I. Start _lenoid f.il_ open al shut- No
down. Inlet valvt'_ will remain
open; engine wdl Ix. shut down b-."
fuel shutoff valve. Vehicle pre-
vMves will prevent any significant
propellant Ios_.
2. Start solenoid has inlernal leakage Po_aihly. if 1 3
during all operating m{_des and leakage high
c_tst producing unschedu|ed _alve
actuation.
3. Failure of ,ther solen,id '.'ahe_ No
6.5 MISSION AND CREW SAFETY RELIABILITY COMPARISON
'i'o compare mi..._it_r+ and <.Jt.w safety reliabililie_, t_r the _.lagrd-t+t+nlbtlsti,+zt and ad+
vanced-exl)ander cx'¢h, engim.s, il was neee._sary that estimatt,._ of h.th engine rt.liabilitv and
the per('rntal.:e of Iaihzre_. Ih;.I ¢_)t]hl dantage tht. vehicle or an :t(liacet_t t.l_gi,_t, he made l.r
I).lh engine configuratitms. The damage I. adjacent engines was nee(led t. deternline crew
safety reliability on nauhiple engine vehicle_ _here lhe crew can relurtl ._aliqy t_._ii_g a I_ackttp
i)r(q)ulsit_l_ s)'slelti q_r _ilh (_ne (,t twt) ellgil)(_. {_tll.
Alth__ugh ttw Atlvaztt'ed-Exl_ander t'u_:izw has vm_re vah t._ lh:tlt the ettrrent RI.|O.
eliminalit_n of the tlo._etJ-h_op thrust cotHr.I and I_rt_pellattt tttilizati_n mixlttre rali_ c.nlr_l
makes the t.lal at.thee _f' failure nt.dt,_ nearly the ._ame a_ the HI.IOA-:L:I. The cttrr_.zzt
dem.nslrated 9(1', coal'|de.tee r_.li_,hility f-r the I{I.I{_A :_-:_ end:the is (1.!_!1,_.2 {hased on IU|]
a(.t't_untal_h _ firingsl..'4irwe an engine's reliahility is related h_ lhe ntztztbvr of p.zential faihzre
modes artd engine C_ltligur;|li_)tt (e.g., t'olllr_zl 53_.1('111. ('.v('le. el('.) it was ;l_,_tllllt.d thai lhe
advaneed-exl}ander (st'h" Wollld have es_.enlially the _tltl(, i_t.r__,lzla_t, of ;l_'t'(_tll||;l_ll(' lirh_ at
FF'C as did lhe I{I.111A ;L:l ]_a_;t.d .t_ a Io1:]1 _d 1:25_ firing_ I.r lhr adv:H_¢ed-eXl_andt-r c',¢h, at
FF(', il is e_.tim_Hed thai 71|(| l'iring._ w.tHd I)t, a.'ct_tznlahh, I_r reliahilily i_zrln_.es.
'i'ht, sla;,wd-¢,,znhtzsti{_n engine co,tiiguralic_tt (fr{,m ('t,lllra{l NA,";,';-:{2H!tt;I is _inlilar 1,_
the ,<,HMt" _,._. c.nl_" _,y._tem. cycle, etc.) a_d i_ exp_._'led I. tmxr a .,.imilar _t_l_l_er _,f |aih,r_.
nt_des. The I_roi_._-!(,t I)_t'l'('t'll|_lLrt' ()f ac'cotHH:zhl, to t-tal titi_',..'- at I"t'l,{' h.r tht. y;."-;\IF
(2_.5',) wa.,, apI)lied t_, the estimated IoiHt (lO()l' ('It)rill( ' I*'".|_. :11 f"l"(' wrr_. _,'-IinHl_.d _.a,t,,_
('tmtrm't NANg.;{_2!tgl;I to he act'_,mpli_hed t,_ a ,Mi.gt,d ('_t_zl_tt-I i,,_ t ll'V t'l_Xizzt,. "l'hi- re-tilt., i_
an eslintaled 225 acc_tHtlabl(, firings _tl ]_']"('.
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Using these assuml)thms, demonstrated engine single-hum reliability at FFC for the
advanced-e×pander cycle was estimated to he 0.9967 and for the staged-ctunbustion engine was
estimated to be 0.9_98.
These ,,'alLies are assumed reasonable reliability estimates f()r tile two engine configura-
tions, based on the information available.
During the lailure re.de ('-mlmris-n. estimates were m_tde of the percentage of engine
failures that would disable the sl)acecraft or adjacent engines for b,,th the stared-c.mhustion
and advawced-ex!mwder engines. New parametric curves t)f crew safety reliahility as a function
<)f engine ht|rn relial>ilily were generated usinff these values. New curves were generated for the
two engines with <me engine out, and one engine with APS Imcku 1) OTV vehicle,_ only. since
the i)revi(,us parametric curves had sh.wn that Inl)re than Ollt' et'lgtne is needed it) provide a
reasonahle crew salvty reliability level. The.-e cttrves are shtlwn ill Figure G-8. Zhe...e engine
reliability values ;ire estimated ovl the ('ttr_es. h)r reference, mission relhthiJity curve._ are al.,,o
intluded with the engine reliahiJity vahne_, shc,wn t)n them.
The fcdh)_izlg crew :4afety antt mission reliahilit.v values result for the advanced-expander
and staged-combustion engine configurations:
Advanced Expander Staged ('.mbu._tit,n
(o.9967_Erzg;)? f R;'ht_b(lits_ .... (°._:_9_..F!_l,'in2; R,J_,bi((ts.! ..
Mi._si,n ('r,.w Ntzfi.ty Mi._siotz ('row Nafi'ty
(_'o_n[ij,,z,_'tz!i_m- ....... R_eliqb?'(iQ, "..... l_(!Ji!,bihty. ........ I.h./igbi(i!y .___!l!_liahihty
1 Main I:n_ine ().98t)I t).9.qOI 0.940:_ 0.9*;97
With AI)S 0.9_;o! 0 9996 0.91o3 0.:},q45
13ackup fi,r
(,rew Safety
2 Mai,i E.gi.es
With Ellg;nt.-
()ut ('apability
fi)r Crew Salt'ty
t).gl; I I I).9!187 0.,"iS 12 0.9g09
These data indicate that h.th crew safety and missi,m relialfilitv will be ._ignifica._tly higher
with the advanced-exl)and(,r engine than with the stagt.d-_,,mh,:-tiou ,,ngin(.. While them.
ab.,,.lute levels may n.t be exact, the relative levels and trencl,_ :h.uhl Iw iwdic',_tive .f the
difli, rences that exist.
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Configuration Mission Safety Mission Reliabihty Safety Reliability
I Main Engine, l APS I ME I ME or APS M2 $2
2 Main Engines 2 ME I ME M3 S3
Assumptions:
• 30% of main engine failures for staged combustion cycle destroy
adjacent engine but not AI'S
• 6% of main engine failures for advanced expander cycle destroy
adjacent engine but not APS
• 15% of main en:,ine failures for staged combustion cycle dibbles
spacecraft (APS)
• 3% of main eng.me failures for advanced expander cycle disables
spacecraft (APS)
• APS _ cqua.IIy reliable as main ,:ngin¢
• No rescue facility
• 6 burns/mission - 3 burns/.,_ffety mis:,ion
1.00
0,90
0
0.80
Staged Combustion (SS) .
Advanced Expander (SA)
0.70
0.97 0.98
Ellginc Burn Relt.ability
J"tcur,' 6. tJT'i" Ih'Fahihty lt'_ltt Adt_,z,,'d F,,:m,'.,
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7.0 SUMMARY
Development plan._ e,.tabli,.hed f-r rn.dffied I,r,,(_,_()-lb thru.,-t I{l+'OA-:13 eJh_ine _. ¢I)e-
rivative._ IIA nnd IIV,) and c,ptmlized expand++r cy,'h, I{l.lO rngine (('ate_.ry I%'l i,+ tt_e 1977,
(',,mtra(t NA.":,8-'2,_:_!t "l)e_.il_n .<,truly uf H.l.li) Ih.ri_;itivq.C" wt,re u_._,d a,_ lhe ba_.L,, fi,r the plar_._
presented here. I'hln.,, were adtu_ted t,, refh.<'! the l_r._urerlwn! lead time,, currenth _.m_,
experiem'ed, nnd _mv new inlorm.lli.n availld)h,. A i)r-/_r+m; plan for lhe T1PW ]-K-Ib thrust
Advarwecl l';xll;l_ltler ('vcle I"1+,_ine via_ generale(] during this stud',,'.
The ellgine <h+,,eh+.lnnt, nt |t,r(,gralll itl)l)roluh w..,_,tl il_ the I)rot.'rltm plnnrlit_ t,,r 'tt',,+,
('l_ntrilit NA._n-_._tn9 _ttldv w;ts I):l..._+(I i_tl d,,...-.i_n x,t.rilic'nll_,n .,..,I,'.l-llil'iiti,,l'_ (I)\'._' v. hi_.h
Sl)ecily Ihe de+..igll ri.quirelnenl_ illtd l+lethi.] ,,f v+:.ritvin_ the-e retltliri,lnet:l- t,,r the hi-t.line
Ill.it) 11, rJvlitive e|11til_e. ++.II h,riv_ttive.. IIA +rod III+_. l lV.q'_, v.eru not gerl_,r:+tt.t] h,r the (';+t_ u,,r;'
I\" elll_ille, 11111 iln e._ti|n;lte <+t tile s,t, ritit+;ith_ll ])r,i+_fitl;1 li+r thi+ en_it1,, w-,is nln<J,. The
Advanced P_Xl)llll+|(.rell_ille wit+ e+,.titnatt.d in a .,.imihtr lll;111nt.r, l'h(, I)VS'_, e-l:._bh-h ;
mit+inuuu devt.h,pment l)r_,gr_im ht,_'a_i_,. IIH. ;)_._t]tnl)ti,_1| i_, made +h;i! the +h,_t.l,,p,+_t.nt
|)r*)Izril111 i+ "':.;,111't't':-,+ .rit'nt,.tl." nnd ,,nlv -tu' tlt.+.ig|1. Imihl. tt'+'.,t +.'X'('I,' lhr,,,luh ell_illl. F'llhll
Flight ('erlificatiim i'+ rl,quired, l_lli,+,,.ii_ th;It l=rt,xi<,uP -, }il.l_l and _,llu.r r,,t kt.t 4"1l;:Jll+' I(-.7 . ]" l
Alli'i .J+_) de'.,'¢.+ .;'Iti11,11t llrogr;11ns h/i+,_t` nlc+t hi.,.ll m'_',mXld_,,h_.d ill il .'.i_IFh. t,,ch.. ;i re,h-,+++ ._++l
reverifii,iti()n efh)rt has been i.i,ll..idt.rt,(i ill th(' I,,1;II t'll_+llt' <h'xeh,p/m,nt l_r,+_r;itn phil+- [ hr.
t,,t;11 devt,l,,pmr+,t l+r._ram etli_rt pla,|nt.d h+r t,;it.h t.ui_im, th._.i_:. +_;_.,. I_,i._t.(l ,,n <I,ll. ,+t<l
eXlll.riPlli'e IF,m+ ]_rt.'¢Ji_ll +, lil.l(l ,'_]gmt' J)r,,F.r;tlli,-.. Tht' rt.d,,_.,ign ;tlld ri._.t.rifildtl<,/l <.ll,,rt v.d,.
(h, terlnint.(| by e_,limnti_i_ tht. I)V.":, rt,Htlir_,lllelll... ;ltlll <h.dt£t-li111_ tht.,.t, try,ill lilt. 1,4;,I + ;+,.:_ne
(h,,_eh,pme|It Ilrt_rilltl rctlilirt,ltlt+lil -.
l)relinlinliry llrt,Izriltn lflan._ x_,,rt, th._t't,,l_,.H l,,r t,..h l,:t-i.lilli, t,tluillt. <J,.-i_.,l i+,tll!::,it _, t .t; f,,,
the t+_t;11 th, vt,l<,p.|t,|it lhr,,u_h Fm;d F'li_ht ('t.rfltit;Ht,,t_ il+'J ('1 l'r<,:'.r:ii _ pkt,_I,:'tu w:_- +, i-,,+l ,,n
IIV:";'.., l-rrnuli_tt,d liar t h_,+e li].lllt,|Igim, +.'(,ml,,,t_elH- i++,_ ,it+, ._+l', <l;_,_l_li,,d. , ,... , ,,tup.,:++ ,.+t- +h;i_
lift. 11t)t t'_| the ,-11111e 1'IHlth+;11ril|l++l| ;I_ l]li,-t' ll'-l'll ill lll(' ,,+ ,-t;*li,,ll;ll lil.l,+\.:i :i ,.t+:'.., ,h,+ _-
('tlrrellt Iv tl_t'{i ill tht' ('(+111;itlr l;tull+']l x,,)tlth, ..\- _t;if(,ll ,it.. '. t,. ;l r,i.+],._l_ll ,ltli{ r,,'++ rtli+'._l .,r+ , lt,,tt
wa.._ inch/d,.(l t,, ;i_ hit,re ;i ri.;lli_ti¢" l,,l;tl (+lli_ifll, t+t,v_,h,pm,,t,; pr,,ur;iltl l++,. +,l:.iI,,r lll![,.-l+, _`, - ,,it+
key dl,('i_;i+)ll l )<,l llt +<.llm well a+ ,,I ht.r '.-i,_llil h':illl 111.1ivit i_,_ ,,I th+.-_, i,r,=. :+t_++-. v,,.r_. +h it.,, _+ .'+.q th,
(h_ralion_ e.4nlflishl,d h,r lhl, .l.,iillt.d li_.k,.;. 'l'h+, nlllllhvr ++t i_:+r,h_ ,,,, ,,,.++,,,n,.nt-+*_+<i, ,_-,:+, -
retltlirt'd ill t'tllli+,+,lit'llt t'll_Itl+' _'I_. ;lild t hi' Uiilml+(,r ,,t (':+:::llt' 11"-I- 'It.l'r+' -t,'_ ;!+, ,{ +,,1 h,,' h l'., ] _\ "'+
l;:,)gr+ITll ret|lllrt'lllt,lll+ ;tilt+ lilt + 1_+taI ch'_.i'h,l,m, I_1 |H'++I+tI':IDI fi,iltllr+,llll,l;l-
"l'e,++l fiicililil TM ri.+itiired l,,r ,./Hdill_' dl '+, i.,!n=u'rll :m,i (;r,+uml ._Ul+l+,,rl l'[,; ++l;n,,'_i_ d, '., + t_
1111'111 i.+,'t,r(, idi,llrlti+.+l, l'+ht,r ,,lld ill.ill..; ,l](']tldllll.* l+,ii k.l:+lll:: lit,+-I.r_.,it1,+_, +: ll:+iill+:' ,i11¢_ f+. < +,=It++
ilt't+','itlt*- _+t,r,, .,i-+_-p_'( itirii.
i)l +
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7.1 ENGINE OEVELOPMENT PROGRAM APPROACH
7.1.1 General
'l'h,. ¢.n_illu (h.x_.l,,Im..llt I)r_x;oln> h,r tht* I{l.l,b I t.r,x.lii_** Ilk.rix:Jti_**._ I1.'_. III]. I1(
( ,x,.:_,,,x IV. ,it_d Ad,,_._,,,d I'_xl,_.ld**r (',.el,* un.:lm., c,.1.,,kh, rt.d ill this _l,:d i.arlit.r .'.t_1cl3, l
iJit*hnlllhtr_, ill ii;tltlrt' zlt_d t'lll,'4bll;|),lY*s d_*_t'l,,lUin'nt thr,n,_h I]i_'ol _.¢*rlilit'_lll_)llo .iLhit*vt*In_*l;t
,.J_,'J_,. I*..ah,.-_.- h,r I)ll.J|hli,,I). ;,lid Ii(J:l ,_l.'r.'_lh,_- .'.l,lrlii*)A_ Ir,,_; iiIl*rt'llt I)|){*lr,lli,)l
I{I.1_.\- ; :_ _._m,* I_., IH_,,!,,_:v h'_*ul-. I'hc I_r_,;_r,H_ ,, _re d_r_.cl_.d l,,_;_rd _,_i,_mizm_ the' r
,IH_. III;_l,,U 4lvv_'h,l,ll|_'nH ,.lh,rt J)\ ',_.rifx_l_l.: lit,tl lilt* (_.It_ln_,c. lit'sial1- Itll't*l Ih_* limits _1 I
II',iHIrI'IIH'II|- ,It Iht' Ja_',%q'-I h_rd_.r,, h._ul. _ll)lt hl,'iltllVlll_ ,,i,,r_,u},ll I_lldllt¢}lls I)_," _.,_l_dllL'|l
v_q.re n>_d(.. _ml],' I(,r th,' "t'._l)hlt i¢,11 Ill i_r(dd,,m ,, _111d t,_r %(.ril%ltl_ th_il IJll* II,*_,_,' d{,sll_n lt,;tftlrl*- !
{.ill;islr,_l}hil.' hlihlr_*.,, lh,d In,Iv h_., ill(lll('l.(J, h(,x,._.x t,r. _._.h._li,,u .vur-lr_.... lt'stltl_ _',t11 **,lCtllll_.';ll
(_,rstru>_, I(.slilt_ Illl,lt(.rl,tJ '-.I)('t'llll('ll. r,)?illillL_ I);_TI -I_H_. h_tll'.itl_ i_ru,-,irq ,. i.ll' I i,.. II
q,Xf,'l';_,l_.'t.l_, • t)v |)& W.*'_ t,, lit_.d ;llld (,,l'ru_ t I_r, dd,.m-;_1 Ih,* h,x,._.-t p,,--dd_, h,_rdx_,_r_. I_.x't'l. I h,.r,
;t%'_)i(1*ilt_ rt>k< id d;l|TIl_l_I' I1_ Illl)rt' _.'Xlllt'llxl%(' h,IFd%q.;lrt' |ll ;t,{i{t|i, ln 111 I Jlt.-t* .llht _llll'l, Hl('ll| If'
._uh*cli_,e' _.',)llll>()llt'll?. _.llh_,_ll'll_. _tll(] I'l_lJ:IIl4' ,,_.e.r-I r_'-- It'-t- ..h,,.Id t., Illl_'_l';l|t'd Illl'l |hi' ()%'('
e_i_;t, (t(,v(.h_j)m(,uH))r_,_r_m.. :_- l)_rl _,1 thu (h,-i_t_ _.(,r)ll(-;_t i_l; rq*(ltllrt'fllt'll| ']'Jl_'_.(' ()_.'_'r'*.lrl".._ I
_'l.rili('_lti,,ll i.. I);is(.d ,,11 q I) d(.nl'.,I;..tr_|t.i,,il tlhlt tht" _,_lul|)()lt,'nt'_ ;_11(I UX_im*S ,.';It1 p_.rl.
_'ilI'iul tht. vll_|r_lll,, illll*ll(ll*d ill Ihq' dt"_l_li ',_jlt'ti lisa' _,l_nm' i> _)l_t'r._?.l_:_ _,x.,r It-, r_lli_e, (d r;t_
(',,ltditi,,nls. _tlld 1_) I;,'lul(,_l_lr_ill,,ll I:l.ll ll;l' ( li_'ilIL' h:l_. ;I h.v_.l ,,l I_|>t.rzlti_,ll:l_ ttl_llllri(','. |r_'t'
l_ihtrt.s t,, II.. d_,xr,,_* In., ,.-_._,r,. h,r _ll{.IV wt,e,t] Ih-talh.d hi the. ()'1'\" _-t:,c,.. \_ ht*n tht-..._. _(
;nr(* ;lchi,,vud lJ;_. A il/itll' L- r,-;_,h h,r th_ht, whur,, -urxi_-q* Jliq* _'_tl) lgq. d_.tt r_nlnt,d I)v L'O|JlI:_LI
_i_.t' with Ir_.Htut,lll _li-i_,._l[_,l_..; q_lti; :_ c;_,-_, h,r rum(_;d tr,,_ lht' _.A.hi_h. is I_r_(I As _h
+:
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Iml)lvmen_in_ Ihi_ appr,,ach f. Pli_hf r4,,'lifit'ati,,n .f I-n_ life rPu..:lhIt, }mrt]w,'lrP r(,..qlt< h_
tilt, _'_taidi,qmwnt ,q f,,ur _z-al_:
I. All l)e,-i+',n _'e'riti('iili4,ll ._p('( ihl'/itl,,rl_ II)V. _`- ) Illu-t IPlZl'*,'t' h_'_'l+ .;tti-lact+,rilx
conq)It'tt'd t. the applwahh, {'(.rtilit all,+It h.xel <e[tht, r Iq"('-r FI"(')
2. A h, xel -I m.,+,mT,, mu,+l he d,,m_,nqrafe<l m lhP engine ([cxt.l-lmWnt
pn_ram Ih.H I)r, lide+. <ab Is. f,,r the illll+lidi,(t p_,ri<,d t,I <bper.Hi,,ii IH,tx_e_.ll
in_l>e(:n ql'-
:I. ('(m_pl_.1tf/n,,frequired dt._i_n re_ it+_- imd (0,vdi_urmi,,n i_-pccli,.n.
-I. DPm_ll_.Irilliotl _)l l+ll_.:lll(. _t+rllt'P 1111<I -tlh-l'(Illt'lll II',I[I[,,'AI) ilnil hilrdx_,;irl ,
7.1.2 Design Verification and Deeign Verification Control
l".r the enl_im, (h,_ehqmwnt Im,_ram_ c_,.sith.red i. this _tmlS'. the key In the ImWPss i.i
the I)V5. 'l'he._,'SlWCHwati,m_, i(h.ntilv the dt'_iI.Inr_.quir(.i_elH.,,tt_ he veriliud and lh,. m(,tln_(I
of verifi<.ati.n _,1 Ihe_q. requit+..ment.,, h,r e,.h COlnp_)llPIlt nHt Im'_i,.M_" qualit'ivd h,r f'light
Ol)+.rat i(m.
'rlw l)VS h,rm., the h_tmd;=li_,n l-r IIw Pr,,_ram I lcv(.h,l_m(.nt I'hm_.. I).ri.g the enItin,.
de'+cl,qm.,nt, failure mt.h.,, are idt,!=tilie(I ;rod ehn)inat(.d at Ihe I,,'._,+.,*_t ,,r;.tical h.vel. ])etail
I):l.l_,, *.;il_,l-,,..emhli,,-. and IllllHlr {'++lll|}_,lllnlll:_ ;trP _-tn}u,,v|l,d I(_ i_Xt r-lrt,_.+., l{ _.lillt. _ ilrl(t I (I _ I ('{] t {)
failure early ill |hi. i)r,,_rlml, hmi,d (',)lille,)lit.Ill ll':..l I.lllphil_.i.+ i,,,, h) vtrll V ('Oillil_)ll(+li[:4 lor
t.ll_ill( ° h..,tilig ;illtI I,, '..,t.rH',+ iH.rli_rtnitllCt. [L_rim,+.t,.r.. ill lh(" I'_+llllS()lH tll h.,,n ('<+Ill|llqlt+lll ?(".,I
enud+a'.i., then _hill- ++- ,iunI, l'+'a- p_+atlit+d t,, I_'-I'. de'..i_t,ed h+ idcntilv laihire m_,dt+.,. Tht +.
engirw |<-.f:, iirq. Ifl,inz.,,t -,, |h;l| .ll 1)\'5 ll'sl ,,hi_._li'+_,. ilre, <,,n..lder, d ,,,I _..wh t<'-.t. ('_.illI. _ Ihl_.
ill|(,rlll;lli,nl :,_ i_ h.l-e, inll (.i/::illl.(.rllla P_|illi;lh-,,t lhl I tot.lI Htllilh<.r ,)| |tIh|.i ;tIl(t the r('qtlir_.d
_Ill)|)<)rIlll_ }lilr_+l_,'_.lr+ , _.%1 _ lh;t(li' l+_t ])%++ +'4 ll>llll_. 'l'he qu.+.liltl;lll,_ r,_.ll,.cl tht..h.:'.r{++_. ,,f ,liflicutt,.
and lhe .m,,ur_l ,,t dir, ill', r,,l,ll<.{l i,xpt.rl,.lli't, al)Idie(l h, th.ll d*'..i:'.ll ."4t.t'lll+l) _'.:{ <*'I,%1'I +'., thr-
.'-,tlhWtl mid :.-h,,v,- lh,.. r_.-*+ll,. ,,hl:i i .+'tl f,+r lhl. ()'I'V {'H_il'+i' <lexel,,l,mt.nl thr,,u_h FI"('.
7.1.3 Verificahon Method
"l'hP I)V_4 ',, I_lu +i?],,ii reel h<,d nh,nlilW+l m the' I)\'_, _- l,,r _.,. h ,h-: u , ,+'l_t,'t,lt'IW -I+i'i +ll,+:-.
vl,rif]¢llllt,ll ;It'(+l'llll_[:'hlII{'lll HI llXt' h,x_.l-"I ht,-+, a+,,: illlal'+..i-, hilr,l_s.lr,, il_-pct'lI,,li, l._l.+r,*t,u'.
-r h,.Pnc'!_ l(..t., .t+b-',+-t_.i_;. h,,+ I ,e h.+.t-, and +,n,.:_n_. _X..ll,lli h_+t l+t,. fl..l- llw I)\'%'_ l,_xtlu r
..+Im.,'ifx all n,-+- ;_l ;,II l,,x,,l, that +lrl' +'-lilu.iI,'_l '_,, l_c r_'qui+,'<l Ii,l ;cr+l+,.Hi,,Ii ,,f th;, _I+-t'.'+
rPattlir'clll('Ill_ "I'},r T,-+IH'.' !t",('[- r_.fq.l'P_] f i ) ; iI I. _h.I,i+l p:_el. "+l}ttii+T:lI,,tll 1+1. (',llHl+,,l_,_++
_,llh_,_.[l'lII. ilIHI "!I_'IID'
151
f
+:+
++
f
a
-st
?
Pratt & Whitney Aircraft Group
FR.13168
Volume !i
7.2 ENGINE DEVELOPMENT PROGRAMS
7.2.1 Summa_
Preliminary program plan,+ had been formulat.,,d for the complete en¢ine development
prugram thn)ugh final flight cerfification (FI"C) for FLIO engines Derivative IIA, Derivative
lib and Category IV in the earlier study. A plan based upon these wa_ developed for Ihe
Derivative lit" and A(Ivanced l'_xpander ('ycle l'_nl:ines. Program planning v, as based on
I)revi-u. ,, I'll,10 ellgille developmerlt program dala and experiem-e.
The unique f_,ature +;f the I.h,rlvalivo [IA and lib engine pr-eram I)lan,_ i,. the l)t'_,m_
VeritWali<m .'4t_,cilical,,n (I)V.q_ apl)rtmch t- c4m_p<,nenl and tT_l:in+, devt.hq)nwvtt. 'l'+,vl
prelimlrli+ry [)x,,'S'g. v+rhi+'h define llw 3e_ign requirPmenls and meth,,d ,,l ',(,rztzcatt,m ,,t lh_..-¢.
reqzlirt'nlt.iHs, wen, prPl)ared |(_r lh+. J),,'iv_iliV4. IrA etl,_lZl(, dev+,l,+l)nl+,tzt lm_r;zrn_, .Nttl,+ f_l zh+.
I)V.";':_ .el)iv h) lht. l)_,ri'valive It|+ tnl_ine <h'vel,_l_mcnt ;m,vr+m_ l,t,t;itl..,, the [+h'rls,+lllVt, ]l}_
elil._H1e +I+'_II_11 i+ Ilk+' lh+, [)erivativt, IlA enl:im, de.,++,.,,, v+itil tlw ('xc+'l_t _,m l h;+t I hr. lIB itlc+_rp_ratt ,+.
lhe I(I.I¢_A-:+-:i t'nl:mt' Imrts li..l lurl)-marhinerv and F+rt_pt, lh_nt inh,t ,_hut<,ll valxc,_. 'l'hP.e
prt'lltnin;irv 1)_,'_'._ l_rm tht, l+)undati.n +d the engine devtd,_Imwnt pr<,l_r:,m,., l'ach l)_,'+_ detlm,.'_
lht, +h, taih.d }mrdwJsre and les! re(ltllrt, ltlPlltm tlet'e+.;ir',+ It) x't,rHv ;i +llllZle (h+,_n. "]'h+'rt, ;ire m+_Pt'tl,
"hFhe-delermined" l'l'l']lll reqtllrerliPrll+_ ill lhe I)VN'm ++hwh rt'tltllr+, il+l_+rlll;ltH+rl Ir,_It+ ('H
Sln,cifit'at i(ms.
A limited the.! rihut i,+i'+ _l I he_,.+, [ )t,'..il,'n Vt,ril ic+_l h m Spevil it'+++ _-n,_ I l.:t, lwr+tt_.<l un+h.r ( "on! rm'l
' " ,J ,t +tNA.N_..Ps.Ih.tl _';tt-. Inadt, Ill,t'hlllill_ ¢'()pit._ h):
l)eh,nse I_ ,tlrlit,l|hlli+,ll ('t,lllt, r lh,adqmzrl_,r.,,
'II._IA
('am+,r.n ,";tati,,n. l'hfihlinlZ 5.
"_(lli) l)ukt+ ,";ln,+.l.
t',.h,x,+ndria. X,+_rlzmm 2_:+1 i
1|1|(|
NA,%+X .";ci+,ntilic and 'l'+.Hmical Irlh,rmali,,n F';wIlitx.
I). 1). }_h,x 3:+
('<,lh,ct. I!ark. M+_rvland 2_1_.11t
The prugr;,m l_lant:ing ell++)rt l.r the l)e:i,,'+_tive lit' ('ah'g,,ry IV aml Advaiwed l':xl>andt,r
('><'It+ _'.l_i.e,+ did .,,t im'hJde lt,rr,+ul+-thm ,)f l)\',_,'s, lh,wevt,r, <h+t+initiuI+,. -I thv anlicipat_._l
1)\'_ I('M l'_'lltlirt.nlt.llt:_ to +It'l'<,l,ip]isll lht-,t. ('llgilil'+' th,_t.l++imw|it I)h,_ram _hjvctive.. are.
Im_vi<h,d.
7.2.2 Derivative llA Engine
"l'lw h,z-_,lim, Ih,_h+Hive IIA +,.*'it., d_+..i,.,, i,. a h:_.i,-I¢I.]IIA ¢.*: m,,<hl, fl t,, l.,.t -:+ti-l,, ll++.
()TV _jlt'riltll;;_ rl,<illtP_.llll,tll., hx IIIt+¢+rt)l++illllll' i'_qltt'li+'- th;ll h,+',+_ .+lh,,llt'. +,_+.t_ Ilt'll'H,tl-ll+Httll
The I)t, rixaltx_ IIA t+_m_, t(m:.i,.t+. 4d _I] ltI.IIL._ :; .t t'nmn,, '++,Hh:
I lh'_,,_+l,,tJr_++l, high t.Xl_+ii_.i<,n niti,,. Ix_, l,,.l+l,,n _l<_,'_h.
2. l<_.-l)timiT,+d mi,'<'h,r
. +
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:1. 'l',lnk hend idh. m,_tt, c_lpnhilily
4. "Zer,¢" Ni'NI-t ,,prrllli,,n c;qlllbihl_
l._lw Ihru.l c_ipahilil,,' (dl, lint,d ;t. Ihl, I,)_l,,.i ll_lwl.red !i,lt,ll, (,per:ili-n Ic_,,t
Itl'hievillih, wilht_tll _.iTllilic;lill it_'.-il.'ii lllllitit'l'.) ;illlt hl, l'i'lll dl,_.i_ll,ill'd
lllltlll_tlvi, rlil_ I hl'ils!
t;. Ault,l_t,/lt_Ll,, prl.,,_.lil'lZ;illl,n |itll;itillil_, Illll,I ;Jill! ,,xid,#t,i_
The t_,tal (,llt.(it!t + dt, vl+l+tlliill+itt llrt+t_r;ttn i_,r Iht. l+a-eliru, lierl_.lli_e llA I ni;lue mill ie<it, ,,
li|ll+tlt I;I nlllillli,, ill (tt,.,l;_n, llit_i'ic<itil,n, ,ind !e-.l i,II+_tl. "l'hi> i+lh,rl _+ill elictlilll)il,.., lhrt,I +<tt,.il_n.
I)liihl, lt..t ivlli.s Ill I-'F(' ilniti,il, I'F'(" tll,d i-t"l" I'lll-ilcil_tlr;illi,rl.i I'lt_llrl, 7-1 II+,lliCls Ihl,
(ti.vt_.ll|)nii, ilt _,thl,lttlh,. prt-.-.Pi;lili_ llit, lli;li()r llrl,lf;iill rliilt,_li,ii(-..ilitl _lv ttt,tl..ll,ll pl,llil._ :p.
wcll :,,. ihe il,I;ll i.li;_llil • dl._t, ll,ltiilt,lil lir(l_l',ltil 'lht, dt+--il+n .iild I<till'iliili+,il -cht, d;IIt,, l,_r Ihi,,i
prllt_riirli lirt + _,hl_v, li in i"ll_lirl, "/+7, ;itill ihl. h,i;il pl,,t_r;inl lr-,I fil,iil I_, sl'll,_Ali ill ]-'ii_lirt, ?.?.
['lit' dt".it_rl dlld t:it,flcdli_,ll ._ludul_,. are lil,lllll_'(I l,,t _,:lllt I'l,h_il-i , _,I I_ll,_, I,,,_d.lilll_,
Ill;lll,rllil tlll,t illt, llll,lll il i _t,II ;i- _l,l!tll,llll;ll ll,il.,l_l,_ ill ltr;illili_,. I_i<illlli_r! lhl, l.ihli_ ,itll,l_ llr_ll i,_
lilid ll_,rillll il/i,l,lill_ lht. i,;irl_: I_ ird_lirl, fll,ll_,i-r,_ .t'li_.dlill,.. Ih,, lil,llt,r itt*_l_li i l!,,rl _lll h,, lll,t_ itl
illi lht' de_il_n _,t ltli. "Jill ill,l_," i_,lllll, qll.ill- I,_r ltil, l)l'rlt;lliS, i, IIA I'll"ilit' _,lhh h il:ttli+h' ,i
i'_,l'_llh_ired ltirll_l il_:linb_,r. ('ll_,l_lhl_h, ll,,//l_, ,'xl_ii,lil_l_, ll_,,'l,, Ir.iil.l.illll_ Ill+_'ll,ili_._i ,_ii:t
('_.d;llil h'l'¢l ',,v-._l,lli_, _xltllt't,i' 1_ -i.,_,d iiltll_ ,,r ,illd di'i_ i' s_,-I1,Ii1. I ,i t_ h_,,H _,%_ h i!l_,l" l il"hlrli,
h)'ll;i-s %;Ih'(>_.. l;lllk pri,.-.lirt/tlii_ %,iI%.t,_. ;lllfl l_,i.t,,,ll- _,%ldl/t.l" %;Jill, Iil,. l,, i,iAilllll_ d_,.i,_,;i cll,,r',
is pl:l<'cd _n Illlldlllc;lll,,ll _,I _ xi_lll_i_ t_l.lli._l, ii { I','lllltlllli'IIl- 1" lllt,,!ll,_r,llt' I ll,rl_,i,ix_, II \ I'l_l;ll/l'
pt.l'ilh;il" _pt,l'_il ilil_ h..iillri,- "l'h_,-t, i_lllll_lll'lll- Ill_ hi(I,' hi,'t p_itl_l_ ._i_<l liirlii_l_ _. ,,x_d_ivr llllf.iI I,
llrlllli,ll;llll ilih,l ,.hlihdl l;iltl,., i,xi,h_rr +l,_l_, l_,lllr*,t _.,_!',l, iill_x ll_',-.-llll/iD_ %,iI%_,-. ,tlt(i i,li,_'illl,
|)tllllllllll_ :ind iill-II'll.ill('_,:i- h;ir(t'_l,ili, I'i!l!]lh,i-i- i- til,llill i,ll ll!,r;_';ilh,li ,_il,I ll'_:lll_ I,l l!;t'
._lit'l'ltil' tt,l_l'tllii' ll,ll'd'_,,irt' l'liltll_dllf,II ll>ll_ ;1_ I_l)li_,-I'_l 1,, t_,,'i_t;',_-_' ¢ ,,!If ,:!_ll',il It,ll- I_i l il_" ll;t'_, I_,:I_
_'lild_,' Illl(ll't" |'(rll!rill i _,ht$"_ L_'_)_]i, I1%_.;!_ I'-l,i)i_t-h,'(t I)1,11 <111 II1,1_ lit, i ,,!!II,_] -%,-I1'111 trill -,lll-l'_
It1(' I'llt_llll + lill_lrll] .111(1 i,lil,r:ili,,ll.il rl.llilir_,llll,lll-..l!hi :h,'r_,l,,h,, I,!, llth,,,tr_t i,ill!fli! -%.'1 _11"
h;irdw;Ir_, i- I.,I lu._.--ar_,.
,_|;ii,_r ililiilll,lll,lil ti.-tin_ ,,_ill I,t. iliitl,ill'd _,ilh ti.. It'-I,. ,,t' .l h,r,li I:.;llll_'f l_,r !tie
i)i,l;v;ili_l' 11% I'll;'.ilil' Irl l_l'lll't" rlt'llilt" it_llll},,ii _,lll'r,llil;',' llrlill_ _,1 lhl' ,','ilill,,Ill'lil ;i! lll'V
lll)_.'r, ili,,il ,illd llrl,plli,llil ll,ildili,,ll_, 'l'hi_ lt,-lili_ i-. til;il;lit,i# l,I Itr r<'<''il_llli:'llt'lt t'll II !l ll''l
sl;iild. Thl'_'l" ill'l;ilh'll ll''i rl'qilirl'ilit'iil_. ;lrl' ill ]:,l+',ilt'(I Ill l I\ _, ._ I't] " i )1 }1_ r lillii,,r _,qlil_llt'i,I ,
lt,s<in_ in ,i(Iflllh_il l_i fill, FI_ h*_.lili;_ (d ltll* ll_l'l h i;.;llih'r Ill_ itlltl'- Ill'_,l li'rtl, llil,l< hllli'r_, tl_';irllti_
lii_ ll'_,l _, llll II-IA lt'-I ,.I,llid nl_d I1_ h.,.lirl_ _,1 It1¢ Ill_'l lltllllll ;.llld llll!,lll_,, _l_.idi#t,i- |_till/li ;tiltt
1,_1,iiI" drift,, ;illlt _,xi,li/tor I,,_ -I.'!'d liidti_'rr ,," III ;iliti II 17 1_-I -i,illd>, 'l'h_'-e d_i,illc_l I(".i
rl,lltlirt, illl.lil. ;irl, d,-lilit,,il_,ll ill 11 _ STI'] I
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Because engine It, st:-; art' significailt co.,,t items ill th I" devel,qmli,nt ,d r,,i'kel t,n_lhlt.S.
¢-,inlp, ment testinl_ will Iw used t,, elivnii,al,' thilse lMh,re ,:l,_di,s that ca,i Ill. ,e-:,,hed at ;, I,,xxer
harct_vave ass,.,inhly h.xel, tim.., reducin_ t,,t_ll i'll_i,lc _x_.leln It.Min_. l']u_iiw dt..i;ln ;rod
verificali,ln requireme,ll.,. ,ire delint.att,d in I)\'S..'-;TI"-IlL
T,I accomplish a program efficiency, eluph;tsi.; is placed (,n lilt' f, dlmvin_:
• Identificali.n of each reqtJire,nt'll! and its xerificilli(_n
• Verificlllilm of rt,quiremenls lit lilt, h|wt,sl Ii_lrd_x;lll, level llraciit;thh ' and a.;
early in tilt, ]lrl,l.:ral'n as lt, l.,.sii+h,
• list, _f :mver_;lressinl_ lestinlz lq_ nccuh, rilil, f;iilurc int,de dl,lecli_Ul ill tilt,
stlhi'olllli(_lll !'l. t.'lilllli_llt'llt ;tlld t'ligilll' levvl-.
The design x'erilic,iti.n Slll,cilicillh_ll dl,cuilit'nls identify each new design retluiremelll
iilld as_;tilnplilin lind its vt, rificalil_n. 'l'ht,se ,!ll;:llnlt, lilS tire preliininar$' and t'ltnlain ,_liile
requirernerlls that ;Irt' It) lit, delt.rnliiltt, d. Elich I)V, q, diwllnltqll includl's tilt, dr'sign It, quire-
lilt, his tilt the ('tllllpiilluillS lit t'nl;illt', the Iltlnlller i,f hardware ('lllllplllll'lll.q required, tilt,
ntllrlher ,qnd lypt,_; _tf It'sl,,, l'tqltlirt'd, lliltt lilt, vt, rific;llhul Illelhod..¢eclioil 7.4 of this report.
Design Verificat i_ln ,'ql)ccificat ions, d".,,crihv_ I )%'."; fllliiltii31 bin.
,4 Iisiin,_ _f lhe prelin,{nary I)VS dl,cllnlt,lllS i_(,neriih,d (lurin_ tilt, ('l,l_Ir:lcl N..\, ¢, '_.2'-<1'-,!1
_llitb,' tilt lilt, ll(_W alllt ln_,dil;t,d tli.l_tA.:l-3 t'_illlllllill.nl- ill't, ti-ltd heh,w:
|. I)VS-S'I'E-I
III
12i
(:ll
Seqlienct,d \'idvv-
Fuel Inh, l Sllui_,ll \'lily(' IFI,'-:IiVi
Oxidizer Inh,l Sh_ii_lf \';il',t' ;t/IS(t\'l
"['llrl+hle IlYll:l_._ \'alvl, ITI/\i
> •
.) l )VS- ,qT t,'. 7
Ill
12i
(3)
(.It
Pri,ssllrt,. (Illt, r;ll_,d \':lkt,_.
O ,r 'i'll|l\ lirt,sSllri/:tli<lll \':lb,l' ICfI'I'VI
till\ I'll,-..tlriT;llil,II Vilkt, li.'TIWi
'lllllrol \';llvi, III()VI
• .,.t t"h,w ('t_lllrll] I(ll.'l'i
3.
"I.
I)VS.WIT :_
I)VS-WI'I,:. 1
lit
12t
l"lil_l_t I I.,.i rllililqll:ll i.n
Fuel |>iilli_' iliill Turifiue
()xidiTi.r I'tiillll alld llrixl, 7'_:.l_,ili
()×idizcr I.,,_ Sll, t'(l hllhiii,r
;',. I)\','4 S•I'I ." ,'. 'l•li/_i.l t'h,iil, ,t't .\-_-cill I_
I1\'_ _ t I'] I; I':xluu_lillh, N,,,/h
(II f']\liilllil)ll, _,,t/h. Tl,lll.l,illil,_ _,ll>l ]l;ti'_i.lll
7 lit'% "4II._ - (;tlX II,,;_i t'_\_h.u_l:pr
,_ II\'_ .'4'1'1'] ,_ i,,r_h I,.:'llil_ r
fl• 1/\'_ STI'_ !i I'i Illl ,ill: ,ilt,t l'lli.t i,t!.i_l, ,,ll, lt._,l_:r<,
lll IIV,'-:, ,";'1'1': III I':iv_:flH
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The lr)VS's establish the program requirements in terms of numbers of hardware
_,erifying a single design without redesign and reverificati,n iterations. From the preliminary
(omponen! and engine I)VS design and vet|float|tin requirements, about ten equivalent engine
sets o[' hardware, 58 enghle builds [hzeludmg rebuild.,), and 550 engine tests were determined
necessary to accomplish the baseline l)erivative ]]A verification program objectives thnmgh
Fhml Flight Certit'!cation, Jt was estimated that about ,19 months w_,uld be necessary to
accomplish the baseline Derivative llA engine deveh_pment DVS program component and
enkine design, fabrication, assembly and tc:,t verification requirements. The Verification
Program Schcdule is shown in Figure 7-4 and the contr(d task required to accomplish the
schedule is shown m Table 7-1. Hedvsign and reverification eff.rt must be allowed to arrive at
a realistic estimate .f the n)lal development l)rt_granl requirements. Historical RI.10 design,
fabrication and te..,t eXl)erierwe was used ;iS the I'_asis for eslab[i._hing a total baseline
Derivative [[A entwine development efR)rt. The [)\'S eftbrt was then sui}tracted from the
baseline effort to yield the a[h_wance for redesign aud verification, which is about 40", of the
total deveh)pment effort. This appears it) be reasonable ha_ed ttpon the difficulty of the
development program and the atm_unt of directly related experience and is illustrated in
Figure 7-5.
It was es,,imated that ahou! ,gS(I engine te...ts t_ver a llerhJ(I nf 3.1 m.nths, ('nmhil_ed _ith a
30-month design suptmrt, fabrication, and initial oql|r.tqlent tests twrlnd, t,VOtlld I)e Ilet'e_..'-arv t(_
aco_mpli_h the tolal baseline Derivative IIA enl._itle des t,hq_metlt IIr_gram ()hiectives. [)uration -I
the overall development effort is vstill'_ated at (;.| IllLmths. These I,dal i)rt_l:ranl rt.tluirell_ents are
based nn previous ill.10 engine m_,dificathm hi_.t_rv and ...huih.r ennt'ellt hi_t.ry. I)evel-lmWnt (.t'
the }{[.il)A.:L3 engine m_Jdel retlntred abotlt iO0_l _.,|lgil)e tests during: a 21-m.nlh test peri-d and
a :t:Lmnnth nverall devehlpmetlt im_,zram durati_m.
Five attire enghu.s were selected I-r the ('nl_hw de_eicq)menl pr.,_ram ba,.vd .n the ;Ih_)ve
con.,:iderathms and particular characteristics of lht vxpandt.r, turhitu, p.wer c?,'ch,. A t:,tal of
about ,_) enghu, huilds, int'htdillk" rebuiht_, are pr-lt','ted t_r tilt. l)c, rivative It.' ,'n_hu, l.tal
develnpment prt_ram ;is t'(_nlp:lled _ith 175 lot tlx(' t'tiUi', all'tit ]{I,ltlA-:L: _,(levt,]tqltlte.': prt,_ratn.
About 21; ,'(lui_ah, nt engine sets of h.rdware lift. iit,t,t_cd 1_ .,.tijq_¢_rl tilt' t-tel ;e_emhtv atut test
|)rt_grams.
Fabrication and ,(,sting of tile Derivative ilA enlzine can he accomplished in existing
Ri.IOA-3-;{ fvt'iliti:'s. 'i'o at'e, mqfli',h the el)ghle tt,_.t I_rogram. two vertical te.',t stands, E-t; and
F..7, will |)e iised, lest _tand ].:4; is t_,)w tlsed for accel)lance Ie._th)g ,_f the operational
|t].IOA-3-:t engines being delivered to the NA.'gA-I.eHI' h,r ('vnl_ttlr ]aum.'h vehicles and will be
used in this i)ro_ram |_)r testh_g i)erivative ]l ell_il)t'S will, a primary nozzle only, i.e. _ithout a
n()zzle ¢.xtvll.,.ioll. 'l'e,_t stand |':-7. n_w inaclive, x_iiI be reat'livlltt.d f.r lilllk head it]]e thrtlst.
maneuvering tl_rust, and Iull thru..t ;eve] tvsiing _f ell/.:illeS with i! trtmcated nozzle extenshm.
The major slillld _pecial le_,t eqtlilmwtll l)Iill i_. t_l.llllled for in_lldlali_min E-7 le_.l st||lid.
sh.wn in Fil.mr,,7-_;i_ required t- pr.vide .n :wcurale simu]alion _I predicted l_ropellm'_l
e_mdilkms utah r the zer- gravily c,,l_ditim_emounl,.rvd in space.
The hib:h.lut ,I-r;lli-IIt_//lt' eltL_ilte lc_-titll: ¢ttll n,,'.'h' exh,n.i_,n call ho iac.m_l_li-l:vd :_l -,un,_'
testfat'|lit,._tlwr thmll'& _,%..\...uth,t..the AI'II,,II_l.:n.:in,,_,rim:, lI',_._vl,,pnwlll('t,lllt,r_:\l':l)('I
re:,.:.|s iIllt{ -Ii l',_r thi-(l,..v_,h,lmUnIl_r,,:_,tam,ll_ XI.:II(.I::It.-t-i,tll,li--,,,n..idvn.d;_.the
ha_eline,and lht,l)n,lzram(h,',vh,i_mentc,)_I_ivliv,1 _hi-alq,t,,;nh
A Stlltltll,trV _,f the le>.l facilitit._ e_tilnalt,_t t,,r tht' I/t,ri_ative IIA enid|at' th._t,i,_pmt.nt
prt,gram is i*re_.entcd ill .%eclitm '_.5.
(;r.un(l _._iI,P,,rIequilmwn! _(;_l':lde'.,,l,.,,-n,nt t,,rthe h,_..,,It_,,,l)t,ri_ativ,,it:\_I_ine i_
d(._cril)_.din _.,ti,,n;_iTh,. tiSi.:r,._l_titt.(l[,,rI!l_l,,,-,,lim.Ih ,rl_..lli:vIIA d,.',.i_n,ln.titilt'llal|cv
and olwrnti.nid tnt.h,_,war.nh.nlIlt_d. A lib,tin/ ,_Ilh,.-t,it,m_. i_.et_nlait)edin Ilw tli,trali,mal
and Flight .gUlq_.rt l'l.rn V,,lu.nt Ill, I'.rt :?_.t I',\ %_\ I'iu.I l{t p,_rt I"l{-t',tl[ I. l).'-i;.n ,gtud>' (_f
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TABLE 7-1. CONTROL TASK DEFINITIONS
Contr.!
Task No D+'flnitz,m
1
Ill
12
13
I_tabltsh. by ¢fmtlucting _.ne walerCow tr+.t -n ,,ne fuel inlel r-hut.It _.,dve _l"lsk'k _,xtd_zer inlet _hul,d, '+
valve (()ISVI and turbine h_,lm_ ".alve ITl'lVI. that the eflefltve, area -I the e<,m;_,nenl if' adequate h+r
plx+per c_peratlon in the en.gme ll-w ity_tem+ '1"1'.._ te+_ling wdl I_ nc¢on_phsht+'d pour to comrnl'tin+¢ the
compnnent to the first engtne h_d-[ire Ie'q
E_tabli_h. by e_,nducting one _, d)r.t i,,n test h)r n nlinimum ol 'l'l_l ) nv,_ule,_ m each alt=,_, that tile comI'._,nellt
Wi_l !RURIIlin wIIhOLJI dett'll_enlal t-[le('t_+ engine _,1111 It Ilrtng en', ir_w_n_enl 'l'ht+_ te_t i1_ K will he acclJmpll_+,ht.d
prior to committing the cc_ml_mept to tile hr,.I engine h_+t life ter, I
l-_tablir+h, hy c, mducliug endurance cycle t+'_.l,_ ,m _me llntt I_r a nununu_ + .t I"|'11) percent _! the c_,'cle_
_pe¢ified, that tile mech.nital Plement_ _1 the valve wdl tunctloU _, iwrlv '_. hru _.ubweted to eng_ue _lattc
firing testinR. "l'h{_ te_ting wdl be _cc.mpli_.hed pr._r t. c_mm_ll uag !,w c.mp*,nenl t_ the hl_t engine h(_t.
fire le_t.
ERtablu+h, hy conducting .he luncti,_nal te_t ,,n one I"ISV. ()l. "x aH+l TPA' lh_ll the c,,,.|.menl will meet the
++perational reqtHrements _,t the engtne. "['ht. lea.tang v. tll h.e aec+mHdr.hed pri,,r t_, Ct_lllll]llllng the I"[_,',
OI,qV and 'I'VH t_ the fir+at eaR,he hot flrr tt..t.
Validate. bv means of eurrelation t,_ engine +.',._t_'m le_,t dala. each rr<|utremenl h_.trd ii1 |he I'h,quiremeut_
l_klree Index wh_me ++ource i_, _ther than the luterh_ee Control lh,_ ument _1('1)) ,_r (',_t_t rnt't End ]tent t('EII
Sl_cification; _ut'h requiremenls +,nlidatt,,n ,.hall be acc.mph,.hvd I,r._r t_ ('rtlwa[ I)e-il, lll I,[evie_: I('])l'tl.
Whtme requiremurtls I ha! £_1111111 he .. alithlf,.d h,,' _ .rrel.I Hill Ill i.l'_l[+l{t ' ?-.%_!PlT+i It*'.{ ('_iql_t +Ire exl,ll'ql!t.CI tr,,m
this control t£1_k. SeeP!lie requirements I,+ lu' valid:fled are t ._h'd In tht + I'{eqt,+r,,nlent+ ._ou,cit. |ndl'x.
l+L'qabli+,h earb,' detection _f p<,tenti.I I+r.bh+tu _lrt.+l_, aln| in_ltlt'qtlall'u'._ reh_+ed t,+ h+trdv.+,re de+.++t!l hv
subjecting the comp :;eat .r engine I. all <,xer-lre+_ le-tlUt[ -Im'_licd ill Ihi_ apl+hc_lhle I)V.%. ttith the
elcepti,+n of that t_ver_t re_..i lest lag I+llll'_net_ I+_r llct'+ffTtlllP_hm_'lll +,l 1 [Ze It'hi, lilt, _%-!l*ni I+'vel tln(IPr +.ln_lllil|ed
al_!_ude COlldi|ioZ+SL ._,tlch ,,_ _.r..t rt+_..+ I¢,_1111g exchl-iVe _,I the n,dt,d ¢'t.t t,pll,;!!, w;ll l_, act'<+lnpll*_hed prit,r It+
i'D It..
F.,ataLlish, hy conducting une waterflow te_l tm one oxidizer tank prr._.urtziug vab, e IOTPVI, fuel tank
prea++u+'izing vahe II'_I'|+'t.,'L 1;(): vMve I(;[)k') and oxidizer f_,_w ctmlr,d (OFC! that the effective area of
the c_ml'_,aent is adequate ft_r proper t_ I .ration in the enl:tne flow t+.v_tem This te:-tir._ will be
accomplished prior to c_mrnttting the cuml>_!_ent to the first ettgme hot-fire te_t.
Er+tahli+_h. hy t+_,qducl inlZ ,,n!' vdlral "m t t..,I I,,r a !nil_in_utn -t Till I ,,,,it_ut_,_ ,n vat h i,,... If.it ! he c,,mlmmeut
will snPxl+lln "dkl| h lilt (It,feline!lid[ i,th.t+t_.. I'll[Tint' _.tltt IC hrutg ('llX ir_qaltU.+lll 'HIt- !t*_tlltg +Al[I IH+, /it't'tllnll[l_hpit
llri,r I. Cl+lllnllttill+, the 4"llnl]l'i,llt'lll I0 till' |irr.l 4,1ll_ille hl,l ttrt' h'M
I+_mt_lhlish. II_," t_+tldtlt'til'+g ell(|tlrrlnle c,+ch, !,._.tm t,n .m, |lltil l*+r i1 nlll+lltOtlll! lit I'11! "_ I)ert+Pnl i_l the c_,t It.+.
_pe¢ilil'd. th:ll the nil.!'ha'it.it ftl e]l,nlenl:; I_1 Itlt, .+,l_+t ° e. dl |tlllt'l H ,qwrlv _Ahl'tt P.ll_lt+t'lell 1(1 t'n)_lfl(+ -I,IIl("
firiug tr.q ml,:. l'ht+ te>tln_ '_111 be act.omldi_hed pri.r 1,, t'ttllllnl + +_ ttw i _+lnll +ll+'l_! t(+ lilt' hr..at ( nglne hill+
fire t e_,.l
b_slabli+.,h. I,y conducti|_g ,,he fun_ tional Ie_.t ,,n one <)TPV. b+l'l"+,'. el{is,' and OF{" that the ct_rrtptment
will meH twit, _,lwrati-n+d reqtlirenwntr..I tt,e el_gtne. 'l'h,+ te+.ti_g will t_e acctmq+li_,hed prior to
ql,t+mnlitlng Ihe f_lllpl,lll.llt Ill tile firm i_.l.gllll. + ht+t life |el+t.
F'.t.ifll-h. lax c,+t iltlt tin)2 It+lit II+_lldl llntl pt.r|.trlliHnlc 14'_.l_ i,II 1_!1. Itlt,l |)lltlll+. ,_'_lt'_l+'t+r _vd. m|lt+l,d Indtltl.r.
and |nillll +,Itltlt/t,r IItZII_IL lh+_t IIH' _¥1_IllllZllg lt_-rl_+rtlldtl_l _l l_:t. It;,_l,_r +,_+ll,l_,_tl,+_t_ II_ !|H' l'llrb,;|_tJI_q_
As_..t+lDh['+ ;- ;till.till;t|! l,,r ;+r,,l+_,r <,lq r+t!l++li ,.l lift, +,t_i::tl+" [_i_ ; ,t+,_i ,+x,,l./, f It,.,, -,-t, ,:,. ]hl- tn+-tl)l_ _lli ++t'
;It'al_tn|l!l-l,_+t+ prl.r h+ ¢,,+'t;HHItlIIK IIw l Url.q,UtT;l_ ..+It--_'|D++]_+ [,+ lh,. IH-I llhj..,rit, t,,! It!,, 1,,-I
IC_3
o\
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Ta,k .V+, D,/mm,,n
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I"._tahhsh. by o)nd.t'tin_ a minimum -I iqlP -Pr,t+- i,I mlt'ch,r r*dd thw.' I_.,+,,,, Ih,|l lh:, mtxhlr,e r,tht_
char+_rter=_lic,_ n-e II('h_|LI_IIP |0 pr*=+,lt'|P Ih(, reqmrrd rinsing (dhcltnr.. (('" :_g |', I 'l'[tls It'_,lmg tq,tlt IN'
acc(mtphshed i)t,)r h_ or+rattling the thrtl_! (h+mdwr ,+..s(mh[v t,_ hot-hre t'P_t_.
l"MPll':+hr.h b'. ¢'IffZdLI('|LN_ +I II'IIIlIPIIII,Tt t+l l,I'tl' -+,r l +_ if| llldP, itJllPll fl=.]t_p |LI;+P[ :tl+d l._,ft.tl+'+l)+h, it(1+.p+Ic ;i-_t.t+ll,I..
c'<+Id lh,v+ ¢t,._l-. th.t +he ++m,l,+rlt th+_. is .;dct,uar+, h, lb. ,'xl+'1+dihh, n,,I/I,- "Ih;_ t++-hn¢ wdi hq, a_ t,,ml)h-h**d
l+rlc_r Io <+'I+TnI_IITI i1111_ lhe PXh'mgil, h' l+,_+'zh, t++ h,d hr_ + II._I_
16 E._lahh_h rarlv (h.h't+1,,1_ _,l l+,,+vniial pr.hh.m ,+tea- +rod m;i<h,<l+_a+,_,, r+'[_h+d I,, hardware d,.-++:n h_
_tJhlPt|!It_ l|ll + _.pl't Iht'(| l'xft'll{Ith[_ ll+r+7h + (*)lnl)<mrfll_ I_ *_'.(,r_t+, _ l,+.|tl+_ _isl.rlhl.d 111 I |'II_ D_.N. _'_It'h
(}sPr'.Irt+_ I(.,.hBg '_.l[i )st + Itt(-+_1111)Ii_ht.(_ I)rl_l" l,i t.ttL+t11, . l+itq [IrP It,_l+_.
17
EmlahhqL lw +I IBTBITTIIIr+n _,| +THI)+ t_.._..t lh,-u,n l',,irtr ,+r1 +|+t +e(_,gt'l_ he+ll r'x, h,tlh_+.r, fh;ll Iht' ,,x,,12t.ll
feral+rat+Ire rl_t + ;llhi _, llr,,g,.l+ l¢'mpt'rtt:r_, dr,,p at,. _ i1hlll ;++l+ l+_ +'r+u:v x :din' ,,I . i IH, I I= " I{ ,,! I+,,.t,t_ai ,,.d
-xx+:en and h+dri+_:t,r+ pr¢.+._.t+re l_.l,s ;irl. ',.,.if 11111 + 1"11111 }i i_,+| ,,I the l':t+.'me t 'x* I, ",h,, I +. 111 ;til+it: =,,I;. ?hi'
+IX_,_t'[l hl';It ('X('_+illl_l'r 11'111-| (|(.m*+liqr;lll..-l;lhl+- +,l+('riltl,,B+ ThP_ fl'mlltiff XSlll hi .h, +,mldl-hrd pr;,,r t;+
('OmYTtl Ilt1_ lh(. i)x_.i+.t.11 hi+d| _Xlttl/i.r I,+ _'tU21BI + h'-ttni:
IH
E_+tahli+h. hv n mh+*mum +d +'I'|SDI entre+, t+'.q- ;*! lald< h,,ad idh', l+m+!pcd *,ll,' ,rod full lhr_+q, lh.,+ thP
c}X)l:enh'tt)lx'raltlrt'rl'_'and hxdr"*'e+r_tt'lnl"'ralttr_'dr"i+ar++v+llhl_+ "(I+I+11} l(<dIl, mmiala_,<I,+,t_+, _.md
h?.tlr(_t.ll prl-._,llre I,;.+_'_. fir+' '_lthlll +"lrBl)l p._d ,,t iI p I-_H_IIII + ('xch, +_h+.t i. ,,xrr thP rang,, ,J _m+:!tw
l,l_r,|tlr'iff (,)rlditi,)t+_. nm i. IBI) In il(++Iit+c)tl, iht, ,_...i.,+11 h+,,i+ Pxchat_rr IHtr+.| ¢i('111+,l+_ILII+. _t.*t*l_.
i)p¢rill +Oil.
19
E,'_l,_|_li,.h. [)_r +J mtt'_imum id I,.,.++ |ll .,.¢- l+,mt_ ;if I h.l_n P,,III| iell +t h,rch i_mr*,r Ill,it th" h_,t l_;i-h-l+lps'r.t'_tr_,
iS t_tfhtrl +Ill +iver._,' x.ltw ,,I + +I .ql ), ,d |;,,lllif1:ll .rod _ _.,t.mt II,,'._ rl (ItIlrl.IIll Ii|_ ;IPI' '+++Ithill + I I BI ++ 1'.+, -vc
,+l lhe I'_IB:ilI+, ('vth + Nhe¢.I+.. 'l'h_. h'_|irlg v.+II I.. +_,,In;d+-i.+d pri,,r 1,+ t'+,:.lllillt;ttt' II+. ` h,r( h l_iiiIl,r |ii
IPlli_'Ii|t. |t".I +tlC.
E+tahl;+h, hx * ,md,t,.Im+! ii=.im,ch,,r+. ,,I llIIid hne. <.,. h-,. ,_ It+ 'l';dde_, I. II +m,I Ill ,,t I|V._ _ I'E '|_ th,=: 'm.*th
Iirlt + I_ tB *,,Inph.+me ',ttfh .dl ,,! f+l,. rt,l+lliTt,ll)t.f:?_ d_-f,ttt,,I hx lh+. ,Ii+J,lt¢;+hI_' +Ir.p._+iil_ ,it+++ l+r,m,..+
P_|)_'('lllt itli+ffl_ I'h('_' 111-|)( ttl,qI+ _++,III hr. ill + i+111_jI-._i_,<_ l+rl_,r Ill l +HllllXllIlli_ _llt'+ IIllt' t*_ th*' llr_.1 t'll;2]Mt. +I+=l
f+rP tc-r.
21
EMahh-h+ h+,' <|,.rIltqlM r:+l LI+L' |hi, -;lll-h+t'h,r_ ¢',,Ttli+!t ?t,,?i ,,I lhs. I+r,.d pr,._-ur,, h..l...+..iWCdh.t+ I,+r !he h+tt+
(as h-trd m "l+_hh.+ I+ II. +,u+i III ,,t I+V._ _I E ,,L _+_;,i Inv.v hn,,. +_r, _Itqt,l+lr.t[l.. t_tvDt.d>h, rht. tv-hm.
will t_P i,t,',,ll)l)li_h,.+i l+ri+,r h+ t'+;llWIllltlrll,' ;111"+ Itl_,- I_, lhl ° |ir>l iml_Hlt, h,,1 hr, + h'_I,
2"2
24
l+_labh_h, h_, itmdtil'l it;_ itl_].,¢ t;, ;+. ,,1 l)hlmllm+, hr.h krI_ ,m,l -l;lll+ _+.,t_- th;i! l,.+t |I I).irt _ ,,I,h,rm. I,, :ht,
++IiI_It_ ahl,. ,_r.t'.*+rlTli rt.tllllrl.tII_.ixI_ +tTld pr,,<, -..1_, t =llt .lll,,f+_ I I+=._i, lll_l+++t r;,,ll, x_ ¢I! hl, /Ir( *)llt|)_f_ht ,_ [+_'!q+r
|I_ rl.tIlII)ItlilI_ +I I)i+r! l_ !by hr.-! '-+;Ill(" t,11_Hh, h,q lit, I+'_I
l'_.l'lhlimh, hv (',,rllJlirfml_ ,m+. x lhr.tt+.. I,'_l h_r a l+_ii+imllt,; ,,! ( I'H,D_ .u_+ m' ,_ ,,,t, h .,xi_. !h;+t lb. ++I *l,+r
_t_jh_t_+`_{_)I'._`t_`_+_I+x_'_'_t_!_+_I_'_1_I+_!_+_h_BL_I_ .I,_t,_ I r11+;',_xrT,,rllllli+! lh+-_,-+mC
",All! i,(' ._c,,|1l|+h-h+.({ l+rl,,r I,+ l,+l+ItllitIlll_ II, hI+t 1. th_ 1111_1 i :' I ' h,,I |;r, m h,.I
25
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Derit,atit,c llA Em.'me [)I;T&I." I'rot.,rcm Estimatillg. Approach and Results
TI_X VINT
p.
I I _TO4I,,: __ HIATIII CIPIIII.ITYcLMT_LU_T|D
M+ ILAISTII(IATID V_
f A.DLUITA_ W, I PI I+1ICO'IILI +IL ¥_
I_llil JL+lO [_ITVI ITVlTlll D L&I_*ilAT|D LKXIIO. I1_O n
1.11_11 MIOVI 111011141II_|T IlU110¢_4.|O LIL._kO I._ll._ kl*lN
JkD_,JWT _1111
FtI.L I'll_hl _ foil
tltlill ti ' TILAImlrl¢II IJlL_ll LIQUlO • EPIH A? W INLIT ¥1XIMIL|
ITA/LID 7AWWl [ TO IPlXlO 1_,4 FIIOII Iktl_1 _ J_LJglJLT|LIYIL O.OA**I'TT_'I(T _ Ar
_JU_'Ar_TI _ AT k_LIT. _ TO m ImJ
¢. O_U_IITll __,l.alr_ll Oil IIIIO,'TII
TO I_TI[D lrN,_a.l_
.,ll_.._r_ll IIOTI: Oxrolllll TA_IIt
lalmLAI D4J_G_
TO v,l=_r "FD 6,'6_
Figure 7-6. l'r.p.scd E-7 7;'st Stattd ,_l.dtficati.n tt_ I'r,_t'ith" Acct,ratc ,_'imulati.n .[
Predicted l'r.lwll.nt C_mditimt,_ [,_ndcr Z,'r. (;rocity t'.n,htmns
The e_timated Im,lwll;m! .nd ancilI;¢r_.' fhfid rcquirument,-I(,r fh(, h,,-(,lin_. [)(.rit;,ri_(. IIA
engine total (h, vebqmlt, nt pr,)gram are inch ,,,.,d in the I)r,,i.:r_m_ t',,_.t e,.! im:_t,,.
The estim_H(d quantity rcquir(,ment_ are:
l,()_ :{(),(_)( L(io_} lh
[,._; I:{.(Iqx L(_l(I |b
(;l{, 2..IIH}.()i_) ._(.'tI
7.2.3 Derivative lib Engine
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F'). . I;I;(;_
V(_lmne II
resullant prE,_ramlnatic eltecl i'_ a sht,rter de_'eh,llnletll iir(,,gr;tm (hlral[,,ll t."l!) lll,llllhs} th:ll
fealures I(X) less enlzine te..ts and three le-s e(lui_ ;llellt tqlgint., sels cll hardy, are t hr,,tl_:h FF{'. The
Derivali_,. ill a' ent:me c,mq<ls 1ira |{|.10A.:I,.[; enK;t,,. 1Ail|l:
)
1. '_el.'(tnl(ttlred, |liR|l-t.,xll_litlsii_ll.rat(14t. Iv.lb.p,,.ili_n iluzzle
2. Re_q)timized injector
3. Tank head idle m,,de ca,p:d,itt:y
4. Pumped idle mc,th. Callahilily I2.-,', full Ihru-l. h,.rein ,h.-i_nitl,.d mam,u.
verinta I hru_.t I
",. .Mtt(_gen,,u,_ presstJrizati,,n (fm.I _md f,xid;/er).
Tht" de_.el,,Iml,.nl ira,gram fi,r lilt, t,a.t.linc l)erivalive lib enl:ine _iIl r_.qum, ah,,ut :',9
m.nths _,1 dt.:sll.'n I,iI)rita[l_,ll. and test t.lh,rt. "l'hi._ elh,rt ,._ill t../It,,rllpap..s lhrpp dt.:..i;_11, hutht,
test cyt h.s tt_ FF(' I I,titial. PF(" :,nd I-'1-'(' ctml'it:ur,tti,,ns) Figure 7-7 depicts _hv dm.t.h,pmvnt
schedule pre_.entit_g the mal_,r Ira,gram miit'shmvs and k_y dt'cismll p,m_t- a, t_vlt as lilt' tutal
enKine (h.veh plllellt Im,gratm. The des|tin aml t:||)ri(';tth_n st" -vdttlt,s h,r l]lis I)r,,gram are sl'm_.t n
in Figure 7.s. and lilt' linch:ram lest I_k,n is shoran in Figure 7-'.1.
The tlesi,_n and Iahricali.n and It,st t.lh,rl _ill he c;tr_l,.d ,,,_t in tht. -ame m,mut,r .t.
described f,_r t|;e Imst.line I)t.rixalive II t.n_iht.. ,mth.r S,t.,ti,,n 3. Sut,-t,cfi,,n 21. px(_.l,_ _h,.
turh_mtachinerv 4lid hearing design, huihl and verilical i,,n te-I into and lh,. I,r,q..ll.ul! luh.l _:_i_ v
de,dgn, huild illl_t verili¢',lli_+ll It.,slillld is. ltt+t rt.quir_.<l sinte lhl'-_' ('(tllll+,_l+(qlf. ;ll't + 111t' "|till('
el>ltll)_+ll('tll :<mfi:..Iiratilm a,. lilt,st, alreitdy t|ualilled illld II>l+d ill II;1 + ,,I.'r.tt I,,n._l I¢I.ItL\ I-'+ <'ngme
used in the ('entaur vt,hich, hu,m'h I)r,,;'ran,.
J)rt.lim thtry IIVS d,,cumenls l'mter,flt'tl during the im.v_,,u, study fi,r the new and
nmdified l_.l.ltlA-2,-:_ _.'t_lltjn,llt,ltlS. ',_.hit h require design ','erilit ati,,t_ l,lr |hr. ha._.linv I)vrivalltv
I11_ enl.line are essentiall.v the same as Ih_,-(. required h,r lilt, lh.ritative IIA vngim. Ir_lt.r t,_
Table 7-2) v.ilh the f,,Ih,wmd vxcepti_,l_.,:
The I)Vs S'l']';-1 remlir_.:,,mtts t,,r -equpn;,-d x:zhp- itt the ,a-p ,,f fh_.
[)erix.,l;ve liP, en_int, dex(,hqun+,ltl ;ire al+l,lh ahh. l,, th+. 'lt_rhttu. I_xpa..
Valve +mlv _.Im'e II;e lut.I ml<l ,,\idizt.r mh! -h,o,,ll xal,.c, arl. lht. -a!ne
clmt'igurali,m ;t_. tilt' qualitit.tl l{I.llk\ ;I-:+ engilu. _.ahl--
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x
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Estimated
Similiar RLIO
Engine Modification
History
Similiar Concc:_t
History
OVS
Verification
Redesign and
F_everif,cation
/8 9 46.6 32.3
Costs m Millions of 19/9 Dollars and E×(:T_;dr Fee BtJ| Include Pr()i,,:ll,mts
r;)
167
• "R;
:#
"L "t
i
t
+,.
f
t
4
J
i
b
• !
,J
I
\
i
a
Pratt & Whitney Aircraft Group
FH.- 131_,S
'_olun;e:I
[I was estimaled lhal atmul ";"iI en!:inv lesls _ver i-i peri,_t ,_1:12 m_,nth.. (,_lllllilll,(_ _ill
27.m,m,rh delilah supp_rt. |ahricatiol't ;utd initial _-,,vnp(mei_i lw,.-I pt, ri,_d. _,,,,ttld hv m.cv--;u\
a,'c,,mtd/sh the t,_lal ha_.eli,_e l)crl_,_tlp, e lilt en._'mc l,_lal d,._vh,l,nU.nt I)rt,gr,ltn ,,hi,.ttlk
['lurat_,m (_f the _wer:_tl deveh_pmen_ _'fl,,rl is e..Immtt,d at .',_._nn_nth.; l'h_+-e I,,1;_l im,,.:.ti
requirement.., are ha.,ed _,n pre_,mtls t'H.10 en¢ine m-ditival,,,n hi_l,,rv and si_ailar <,,mt
I'ist,_ry. and (urrenl mrllerial ie<td lill.t' |'le',eltq)m:'nt ,,f tht Itl.l.llL.%-:'.-: _, era:me m,,dvl r,.,iml
ah,,ul ltIOll t-ngine lest.- during l|u' 2-1 m,,nlh test I_'ri,,d and ¢t :'L'l-I/ll_lll!l ,,_eral] de_,.I, l,m,
i',r,'.gram durett it',.,,
Five aclive cm:h"_es '.',,ere svlt, clv,,| i,,r the l)(,ri,, ,lIy,v lib vrt_u'.., dc_.(-I,,pn'eni ;)r<>;.:r.tm ),,i._
I)ll the ah,+ve cl)nsiClt'tali(+r;: ltnd t+,t.,'tz, ,.:I._ - char+_, _.ert.tic. ,)i It:t vxl)gmdvr irl)int + i)<,,,,.vr,.,.v
A tc,tal ,',f ab,_ul ,_t+vnmnvs, inchtdmg re/u,tht.,.,, _i',: t,e I.l..t,d 14i' lilt, Itvri,,_.,P,e lib erl._i_:,, t,,,
de_el,,pment prl,t_r,lm as colrilltlct.d sstIh 173 h,, till, ,'lltli'_il:t'ill I,I,!Ii.X-:I- { dt'\t'l,lllllli'Ill pr.,;:r I
.-'ttllltll! ;_:t equivalei'l t,n;_llle St.'l_ ill lla_rtt_,_rt' :l'e pl:llll/t'd 1,, .upp,,rl the l,_l.;t ;l'_'l'llll)lX .l!hi I
lip/it_ra ll'_s.
Pahricali,,n _lnd testing ,,f lhe II_,rtxalive (Ill vn,.qnv t_ll I,v acc, m_llh-ht-d in lhv vxl-_i
bll.lll:%-:t-:t facililies. "l'o accomplish lt'c t.nl2int, It,Sl pr, igranl, itl,i %t, rlil'/t; It,..! ,.litllll-, I': t; ,i,
F,.7. _<i!l lie used. "]'t'_-I .,-i,<ql,t E ti i.,, n,,_ u-ed flip ill', l'lll,llll't, It,-!ltl_ ,,l lilt' ,,l_,'rall,,nal I{1.;tL\ t
ell_ille, I,eing delivered h, the X..\S.\ I vii(" l_,r {'l,lll.ltlr /llld _ill he tl-t.d 111 lifts lirt,2r.l:n I
testing l)eri_ali_e lib vn_in(, with a prll_lary no?Th.. I t, . _ilh,,til il n,,;/le t'tltql'q,lll 'l I'_l _1,11
b:-7. ni_w inactive, t_ll[ b," rert¢livi_led f,,r lhl' la_k t_l,ll(t idle lhrll_lt, llilll.llt'd it!It' lhrll-l. ,i_ld It
lhrllsl tev(,I i'nl_ine It'4till_ t,l' eni:illv- _;_t: a trill-It',ill t{ fill/lit, t,\lt, tl.ll,n. Thv ;_;ll,_r _.l:tild -p,'t i
lest equilllllelll thai i- planned t\,r itl-lii{{,llii,ll ili l". 7 Iv>l -lined. I,rt't i,,u>l_-!>,_n hi I"i-':rt ' I.
i_ rt'tlu'_'ed tit pr,>vidc im itt't'tlriltt' >ilp.ttl.tli_ql lq pltdiclt,(t !_r,,t,,'iI,inl t'lill(it!:,,ll- ill'l(tt,r l!tt' .'t,
tzr:l% ii% c,_ilditiolls (qltt,unlt, rt,d I11 -p.itt,
llv_'au>e the Dvri_.,twe lib fill:ill,' IISI'. ", lilt' Rl.lttA-:l-:l t,nghll, paris li-I lurhoma_t_int'r_
t'tllllp,wlt.lll it, st fac,lit_ and lv_.t t_t,l-t !_,'< t/-1, II-17. alld li, . 1:_. r_.&_ll_.itl.h,ii :tl'_tt ,,r n',,dil:,._ti,_
is Ilt_l rt'qtlirt, lt. All tllher i:tcilitit.s I:sh,d III Suh...,.'tli,,ll 7..'_ arv rvquired l,,r the l)erixall_t" Ill
t,l'lgillt, clt,\t.l_il)lllt.lll l_rt_;:r:tm. :\ sulllllta, , . tit lilt, l'*>t 1,t<'llilil's _'-'_{ll'lall'd I't*," lt'II" l)eri\;ill\t' I11
ellt_iill" <te',.lelHl)lllt'lll pr,17ran_ i.,. llr_,_._,illtd ill .'qt'l'll,>ll ..-i.
i;r,,und _-ul,i),,ri t.quipnlenl ll;Sb:, dt'_l.hqm_rnt t,,l • lh,- },.i-,qitlc l lyrlc,ilia,, l]t_ _n_:!t_ i
tlt,_,iril_t.d ill Nvili_qi 7,_. The I,St." r_,q<ir,,t h,t :h_ lt,i'-t'!il',t' ]l,'rl_..lll\e lib di-igi_. '.,:.i!n
It,n,!lli't .ttld ,qwriili,ql.l! lll(tttl..., %_.1- t'-T.l{']i-tli.d ..\ I_-Iili_ it'. [tlt-,' i1i.111, l,,l" l}le li)t.lj\;ll_tl 11t
t, lll..:'illt ,, %l.hi< h art' hlVnthal will_ the IIt'r:_..i,i\, , II-t i..l/.:illt,. ',_, t <' _L._.i _II _' ' { |11 !i]t* t )iit.r,ill_,N.it .ill(
Flil:hI ._;,itpl>,,'l t'lan, \',,lllllll. 111. i',tel " _,1 It, ptt_.;.>:l> _.Itld,.
]'i't" t"'l:l_it_l <i It titl!,rt'llli II1". ;_l"
[.(i ]*, ,, *,,< ,, _l,
I N , ......... _!
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i'
?
-i
?,2.4 Derivative IIC Engine
Pratt & Whitney Aircraft Group
F'l{-l;tlt;_
\'.luml, 11
I. l_rt,-,_,,=r,(Ip_,rat_.d \,_I',,-
'-). Fli_:iH Iw-t rttNlutH;=l i,,l_
;_. "l'hr_l-r {'h._mh,,r ,\..., _,!,k
I !.'x_._d_hh. \,,,'.'h
1t_!_
/:i
k
i
6
r_
3
Pratt & Whitney Aircraft Group
FR-la168
Volume J1
QJ
r-
t_
r-"
t..U
c-
O
o
L)
C: U.
_,_.
ILl
t_
J
0 _ 0
_ t_
o',-- I--
0
0
0
g
cl
>-
5d
I!
/
h
t-
O
>
l,t
I-
o_
._ _. ._ -
> = _
, g) _ e'-__
e"
0
U
g, .-
L c _
c ,0,
C _._ 0
.,7-
0
c C_ ,fi3 .J .n s
c
m u. >c,_ _.
--._,
r-..
e_
t-
O
L9
E
o
,...,
t-
O
C',I
1'70
\,
7
r.
--.c_
j-
C
0
Pratt & Whitney Aircraft Group
FR- I :tit;,4
Volume I[
C
r..) r,.) ._ r,_
0
k:t
"_.
O/"_
t23
..0
_ _ .c
o
c OuJ
o
.J
ii
,..0, . "_ _, _.._
"5
LL.
5
"D
• ©
m
o
CO "_
r"
0
E
o
C
0
m
C_
&
-':'i
t_
L 171
/t
++ .
++
,+
}
I .
Pratt & Whitney Aircraft Group
I-'R- 131 (38
Volume I1
llishwital IH,ln ch,>d_n, l+ab-icati,m and lest experience h,rnv;ed the ha-b. 14,1e-ritual|n2 1hp
dtlritli,,tl 441the ++verall hw, eline [)erix'ali'+e [I(' devel,qmlent and flu, mmd4vr ,,I t.11_illt, Icq..,
required. 11 was estin+ntt,d that 8hmlt l_'+ enl.lh_e tests ,wer a l.'riud ,,I I; m,,nll,-, e, mdmwd wit h
+ql :+l-tit<Hit h de_,(_ll ;it+l(l fahritation perh)d, will he |lete.,,,sar> I<i _,('¢,mlpl+_.h |hi' ha-elhw l )PI'D. +'i! i', e
I1{" el+_+ne devehqllrl(.nt Im_gram id+jt'ctive.+.;+ Durntfim ,+f tlle m'vrall th'_t'l,,imwnt efh+rl i._
q++.titnated at ,'_7 manths.
Spec+al test e<it+ipme.,ll, test stand reactivali+m. +rod +n++l+flcali_m_. '+, :,cc+mqdi.h the
ba.e]ine l)t'rb.'alive I](" en_ille [)r+)gl',_ll'tl reqtJiri'ml'nt_ ;ire 111114 h ),+s - tbal'l l)i,,-p {+t.+.<ri+mt'+ l+,r l)+e
lla-elhn, ('ateA_+wy,+ Ill+ enl:ine pr()gr+mlS, since the 1,t;l,,+ ma++w c|+ffert,rtt'+. Ir, un t) e ha.W l<l.lt+.'s.:L.+
en,.'h+e is lit(, addili+m t,f the tvm-p.<+li,u+ n,,zzle. The ,+him+cteri,.t.-,d lhi- .,,]+,h' req+Hr4. |h.ll
eVl_ine tesIwtg with the nozzle in+talLecl be acc.mplishec| in a It.:.t hwdilv ,,uch a- the ,l-:i _.t:+nd ,H
AI.'I)('.
(,r+,tmd supp,,rt equipmen! reqt,irements will cmlsider m_mtificalimlS tl) existing (,_E
design_.. New (,SE will he prmided as necessary and devehqaed cmwurrently with en+,,ine
(le',ehqm+e|'+t. The (',S,E devehq)ment is described it+ .'gection ";.6.
"['h+_ eslimated pr<q)ellant and ancillary l'hfid re(iuiremenls f.r the l)a el|he l)erivatlxt, lit"
Ptl_ilte h4ta| prol_ram tluantity retltlirel+11('nts llre t.+lima,ed i44 he:
[.H, ! .244{L(_ Ib
LO_ 5.200.t_1 tb
GH. .110.(_)st't
7.2.5 Category IV Engine
The fm_rth candidate baseline engine is the IH,10 ('ateg(4ry IV. This m,w engine, specifwally
designed far use in the OTV, is based un the l{l,l() and uses i'll.10 enmne destgn c<mcept'_ _here
possible. It is interthangeahle with the IH.10 l)erivative IIA en+aine an<I ha> 1he .-ame ,qwrating
modes, but is lighter, shorter, has a higher l,erf(_rmance and a I,,nger lilt,.
The devel<_pment progr+,m fur the haseline ('ateg_+ry IX," ux:gine design ,..nsists of ,'.,o
months <4f design lahrieati(m and test effort. This elILrl enc,m_pa+.ses thrt-e de_,ign huihl-tv,.t
cycles I. !+'1+'('; i.e., initial, Preliminary Flight ('<mligu_tit,n I'iq"('_ and Is'thai Flight ('onfigur+t-
lio. (FF('), The devehqnnent schedule shm,,ing the major Ira,tram mih,stum,s, key (|ecisi.n
p.ints, and the total engine devehqm;(t_t tin,gram is strewn in Figure 7-13. 'J'he Im_.eline
('aleg<wy IV lesl plan is sh.wn in Figure 7-14.
.'xla _,r ('.tap, meal tesling will be initiated +_ilh high-14rv+-,m- hu,+ lurh,,i_um p ;m<l ,,xidieer
turl),_ptltnp +ltld huiI/i|},_ I('Sti|)_ l,dh,x_t,d hx I+_w-ptt,..qlte Itu.) .m_I ,,xitll,q,r l+_m+p, xahp and
¢+;llt r+d svsl {0Ill !est ill'.'.
I"+ngine testin_ will I)e acc.mpli_.ht,d in Ih,, >.amt, mamt_,r a- d,,.,riht-t in th,, I,.,-cluw
lh,rivalive llA et+gim, im,+_'ram des.tq<q+m_,tH and x,,ill 14t'+,,.:ill +_!!lU.,uth_, adler -tall ,,I d_+xchq,m, ut
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A preliminary listing of the Design Verificati(,n specificatian documents required f(,r the
design verification .f the ('ategory IV engine is given below:
!. Sequenced \'alves
• Fuel Inlet Shutoff Valve
• Oxidi_.er Inlet Shut.fi Valve
.)
3.
.Main ;'uel ('ontr-I
Pressure-Operated Valve
• Oxidizer "I'l,nk Prv,;,,urirati,m Valve
• Fuel Tnnk l'ri,_uri/ati_,n Valve
• (;(}X ('m_ir{,I \'aide
• Oxidizer Fhiw ('(mtr-_
•l. Flight Instrumentation
5. Tt.rb<,punqJs
• Fuel l,,_w-Spet,d Inducer
• Iligh-Pressure Fuel 'l'url},,pt,,up
• Oxidizer l.(,w-Spved Inducer
• ltigh-Pres.-ure (Ixidi,,er '['urb, qiump
t;. Thru-I Chamber As_.vmblv
7. Exiendil)h. N..,zh.
• Extendilflt, N,,zzh. "l'ran_.httim.: Mt,chani_.n*
g. (;()X Ileal Extha,u:vr
_.l. "i',,rch Igniwr
1(1. ]qttmbing and Mi-cell_,ne-us }lartl_;m'
11. Calet.:,,ry IV Engin:,.
Alihmigh l)\':';'s x_ere not t,,rmulaled as a part _,I i, , ('atv_,,rv IV englm, dt'_t'h,l,m, ni
pr-gram I)lan, art v_,timale ,f the I)\'S Ira,gram ri.quirerm.nt'- t,.a, r_l;ide Tiff- x_a- m._,h. It,.m
[)\'S requiremenls c,,mparis,,n ,,I the ('aW,g,,ry IV vngine c,, Iligtir;I.tl,)ll with Ill(' t.il::ln,.t'r,i W
jt,d/ameni h, up_r;nh, the I)eri,.ail_e IIA vn,,.:mv I)VS, r,.,luir(nu.nl, l,, ,* h._M c,)ml,,mlkh, 1,,
('alet:,_rv IV engine I)V. <, ft. tuirenwnl-. The res_fllin_ l )\'S pr, u:ram rl,qulr,.m,.nl, m., .... irx i,,r
the ('alf,¢.rv IV pnt:im, air(,: I1 .,quiv_dt, nl svt- (_1 t.n_.:in(, hardv, arv. St vv_gin,, huiht- tin, htdiil_,
rvhuil<t-I and lal_i ,.ngiuv s,.-..n,m W_.ls.
h t_;I. ,.,-Iillnll. d Ihill al),_ul (;!i ill, lllth., w,,uhl I., il(-t'i._>iIr_,' li);ll,,,itll_li-h I11_" ba-,-line
(';l|('I.'l+r_. It' I'II;'l!lt' I IVS ilriq.:r<inl t'l;illlliilii.rl| illld t.lli.'illp +ll.si_tl, l[tllll, ;llhltl, a..,.mi,h. +un|
tl'St x_.rlli,.iti,,i: ,+++<l!tir,'tn,'llt',+ 'Ihv :qq,:,,;i,h t,,r i.-lilnalltiA thp ,.l+.til(,tl|- ,,! |ire +.l/_.ll'.,
(h.,,t,h,lm_t,ii| i,!, "ll + ,,_.1. and It:_' ll'-uh- .l_e _-htl'._.ll in I"igurl' 717,.
Six ;: ';,.t' (-n .:lt.s |t,,r a f(,t,d _,1 IAO 1'lll2illl", tilt !_e']iIl_ ,vbuiht>i vc,.r,. _.!,.( ','d I,,r t)',. l,.l:_]
dpvel,qmlt.ni I_r,v_laln .\b,,ul 2il ,.quivah.ul Cl]gilil' s,'l- ,,1 ttardxx;irc :ire n,.,,_h.d t,, -,itq,..rl |tit'
It)l;i] a>-,'lllh!x ;llld lt'sl ]lr_,_ritllI-
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Estimated
Similiar RL10
Engine Modification
History
Similiar Concept
History
DVS
Verification
Redesign and
Reverification
156.6 83.0 73.6
Costs in Millions of 1979 Dollars and Exclude Fee But Include Propellants
FD 74169D
I"i_,'l;r,' 7+l.'_ ('ttl,'A'+_r.', It' /;'rt_tnu /)f)'l't_,'l'." /'r(+k'rflrl I'_ttrnatinh, Appr_a('h and Costs
lli+,h,rie_d JUAn d,._.il_n, lahrit';,li,,n :met r(.,.t _.xlwri(.n(.e I,,rmed the Im_-t_; l¢_r estimating lhe
durali_m _ff' lhe -x'er+dl ha-_.line (';ll1._(,ry IV (h'_t'l,,l_nwnt _tn(l the number _f el_gine le.M._
reqt=in,d. II wa,_ estim;,l(,(l lh;H al)_,ul l(_<)<l t.,_l_in,, ll".l-. _.[,r ;i lwri_,(l =,I .14 taunt h_,. c,_mbined with
a :llLlfH_rll h c|t'_i_l}, hO)ri_ati_,n and iniliM t'(+lliI),,r'=_.lll l_.-t lwri,,d. ','.ill ])e Ilete_._,ar.v l(] aec,_ml)li_h
the Im>eline ('_lt.t_t,ry IV engine dt, x_.h,tm_.nl pr,_:r;_m ,,lfi'.ttive_.. l)urati.n _1 the overall
deveh,l>mt.nt elf,_rl is t,...,tlrn;llt,d ;l! /41l rll, IHh-. l{I.l_l t'n_il'_e (h._(.l_q)nH, r_r In the first FII.I()
l)reliminarv (ti_lahlit'ati,m r(.qt,ir(,d ;ll_,,ut IL_I_I t,n_ine lt',.l- ;ln(] _i lql-n'i_nlh devehq)ment
I]mt_r;irrl.
._l)ecial le_,t etlyil_mt.iH, h.-I -land r(.at'lt',,lli,,l], ant] ,_.,,(|ifi('ali,,n.. t- acc_ml>li_h the
ha_.elit)(. ('att,_r_. IV (.n_ine l)r,,_ram ',_.t.n. :, _tlnll,(l |,) lit. tht...;_m_, a,_ de-+, rlhe('l l{_r the l)a.,,elme
('al('_9,rv IIA entire, l)r,,i_ram.
(;r.tmd _,tll,l+,,rl e<lUil+m_.lll r_',itHr<'nl_.,,l- _ilI (,,n-i(h.r m,,dil+it';=ti<m, tu existing (;.HE
d*.-it_n,.. N',.w (;.'-;E _=II l,t. pr,,_,h.(l ;=- ,wt'_.-,;,rv ;_n<l d+.xehq>(.d t<,ncurr_.ntly _,+ith engine
(h'_,el,,l,m(',H. 'l'ht. (;51'_ d_.v_.l,,l_In_.nt i_ _l,.-t rtl,,.,l m ,'%t't,,,n 71";. A l+_ling .f lhese items ,_f
(;.<,l'_ l,,r the (';H,.,_,,rv IV _.n;:m_. i', _,,m,m+_,,l III th(+ ()lwr.Hit,n.d and l"h!.:hl SUlq)_)rt Plan.
\'_,hltut, III. l'arl '.2' *_l' lht. lin:d n.l),,rl ,,I I}_,. l+rV',l_,U, -tlltl_,.
The l)r.l_,.ll;ml and an, ill,try lluM r_.,l,ilr+.n,_.nl.- l,,r lh,. h,_-,,line('all,_,,rv IV erlgirie h_lal
dt,x.t,l+)l)tll(qll llr(,grilm ;Ire e_.|llllil|t '| |,i 111':
(;N • :l+L',.i_" LI" _ -< I
(;II, :;.I,,, i,,, -,I
7.2.6 Advanced Expander Cycle Engine
"l'lw lillh c;_n,h<l;ttt, h;_.t.lm,. ,',,_ine _ t l,..'_,l, :+:;,, t] i-.\l, m_l,, r (",t h'. 'l'hI_, zwv.' entire.+
_-l_'<'ili<'all_ _h.q_t;,,d l,+r t,_t. it+ lh,' _' ' ' "L 11._', '', ' ' __
,, _ +- tht. _r,,_+ll,] rtl]_.._ l<l_.t't} Ir,,m tile ¢'(,r_lrillt
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TABI.ET-3. OTV ENGINE i{EQUII{EMENTS
........................... ...................................................
The reqmremel_ts fur the OTV engine spplueeble to a ,teh_cle of the lype env_loned have lx_en derived from numer,,us
NASA in house and ¢.ntracted veh.'le and l>ltemm _tudleo i, nd are:
I. The engine wdl .perate t,n hqu,d hydr,,cen and hquid o.ygen propellant_
2. F.ngme de_l£n and msterlala te(hn(th,l{v art- ¢. he _ on 19_0 _tate or the st!
3. The engine mum _" _apahle of a¢'(omln,_dating pr,_ran'.m,.d #nd_t_r commanded _.arlatl,_nl
in ml_.ttlre rltlO o_er an o|>i.ratlng range ,_l I'_.I to 71 during i i_l_.en IP, l_'_loirl '[ he ¢'[|e('(s o11
en_lrft, t_i}efatl,gn an(| ]t[('t¢l|le [T_u_t [)_ |lrPdn'ta|)le ovel. the opPl'allng ml_LUfe IrR[l_ rBnge
4 The pr.p_-Ilan! inlet Irmw'raturr_ _hall tw It;2 ?'|{ f.r the -svken L.,,,_I ]vat, q) and 3"7 _*H
f.r Ihe h'.,]r,,,,en l,_.,.t p.,,np The I*,_,._[ p'.lnip inlet NPS|| at |ull thrm_t _,hall |_ 2 It f-r
the (lli_ef| _}ulnp R_'|<| ]_) [t ['()r ]hi' h_,drogen |1till)|).
r_. The ,.*,rv;_v tree hey (,[ the engine (-annot |W ]e_x than t;O _tartl.hutdo',_n (,,'_h'* or 2 hr
ac_unmlated roll tlrne, ai'id [he l".er_.lre hf." _wt'a.¢'efl .serhaul, (atino! |_ [e_._ lhrln _sll()
M._rt/.*huldown __( h'_, or ]O hr tltiurn[l]itlrd rill] time, "[ he _'l_l_lr,r_hall ha_t. pro_ l_,,ns l,,r
ea/t¢, o| tit-I, elMt. [lllnllrn/r_ mamtrrmn, e, _r_[ P(onor|liE'a| o_,erhaul
(;. The engine, w'hvn ,,i)_r.imK '._,i|i'ttn the nominal pre_'r*hed range of th/',_l_t, intx|ure ratio.
and pro[K-llan! inlet ¢ondltl*.n,, *|;till IIo| in(tlr d¢lring I[_, _ervl(i. h|e e hami..r ptr_lrP
_ illali,,l_,, di_.turh_,l_ce_, or ram],,m _,],_ke. gtt.a|er than ' ,_', o( the mean ,*t*'adv _.ta:e
chaml..r pre_.ure,
7. The er'qne [iozzlv P, [,) |_1. a c(,nt*_urt'd I_11 with an Pli(endd=le/retra('taJde _V(tl,_n
H, Engine gtmbal tt.quirenlenl_, are *"l,q deK all,l - 6 deg in the l)it*h plane a=;,d ' 6 ,d,,'g on the
_, .'._ l)l,-ne
9. The englFlt- i_; |_i pr,.',zde l,;a_'ou, hydr,,Ken and ox_,gen alll¢_l_enlllli_, |irl'_._llrl.'_ll,_n Ior th*'
prolwlh_nl lank,.
l0 The eng=n,, i,. to lw, marl ralr,=J.
'1 h,' dvvel,,l,m*'nt pr,,gram f, lr lhe ha_.,,lint. Adv;,m't,d l';xlmndt,r ('v_'le en_:.:ine de.i_n
t'lll1'.l_,|_ ., ii| ,_I; l|ll, ,,f d¢'_.i_n, lal_ricalloJt ;m,l tv...t elf'.re. Thi'. efl-rl vnc*mH_z--t..-, three
(h...,_:. hmhl ll'-.,l l'%'_'[t._, [,=, i"["('; i.('., initi_,l, l'r_'l=_;m)arv l"lilzht ('_,IHi£ur;Hion (l'l"['l and Fln:d
l"lil:hl ('onli_:nr;di(in II-'I"('I. The devehq)rrmn! _.,h,.d.h..,.h.wm_ lhe major pro t:ram milv..lcmv...
key deci..i,m l'.,ir_l.-., and llw lota[ t.n_in(, dt,vvh,lm_t,n_l l)rog, raln is .,.h.v.n in Fil_.n. ":-I_L The
h;,_.t.lint. Ad'.am'_.d l'_'q_amlt,r ('?,_h' enlmw de,<i=.:n ;,rid fal_ricati.n s¢'heduh,_, an. _.h,,_n in
l"i_ure T- I 7.
M:,,,r ".'_":','m':;' ;_.lii',_ _ill I.' iniliat(,d
.×idi.,vr l_Irl,,,imm p :ind _, r m' le..-[ii_,_ hl]l,,wed
vid,.e awl c,,nlr.,l -\'-h.m l_'-lm,_
_'ilh hi_h-l)r,.-...me fi..l l_:il,_,]ll_ll_]_ and
bY Im,_,-l_re_._.urv Inel and _,xuli/_r pmnl_.
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• l+'Ivtl IIll, l "';h+ll,,ll \,,I',,,"
L' M.,,lt i"u,.I I',,ntr,,I
I. i'rv..tlrv lll..r,iiHt \,d_,-
• (_()X (',,ntr,,[ \'._t',,,
• (txl(Ji+'vr I+l,,v. ('_,,,tr,,i
_, T,irh_,[)um]).
• lti_h I'r,,--;,n. F u,.t I_:ri,..t.m,r
• ()xidttvr I.,,.._t.',',t [_<<bt,.,.r
• Itle}', I'n--Im. I I,,.i,t,/t r I ;,rt,,,p,mt l,
i; "l'hrw.! ('h.mlh,+r .'_..,.mhl_
;. I']xlviidil,h, N, ,]..' h+
• F:xlt't,dihl,_' X,,,'/h I r,,,,..l ,tin;: Xh'._ h.lm.-m
'_ (;()X lit':,+ l'_x{h.u;+:_r
!i T,,rt'h l_mtt.r
IlL J'[,+inhin_ +,ml '_|_-,,+P].,i+,',,t_- +t._+c+_,..trv
II. A(Ix,inc+'(l ]'_\l,Jmh'r l'_,h, l'_t,;;mv
._hh,,,_.+:h I_\<'-x_'i,. i_,,t i,.rr,,,++ ,I, .I _-J i,.,rl <,I lilt. t.n_in,. +h'x_'l,_l)mvill l)r_,_r_tln phil.
;ill t'_lilli.lll' ill thv l)\':" l,r,,utrJm I,._+ _:+ m, ,:!- x_,_ m,td,.. 'rlu, _,,+ m+uh, lr_ni [)V._ r(+t|tlire -
lllt+tll_ l+,,ltlii.il'l-t'tl i'l tht..%+_'_ J+l, i',+ J'i_i ;,Pi,(,.l (",,, ,. i ll_ilii, ++t,ltli_.tlr;ttl,+ll with lhr {.11_lll(.trlt_+_
i,l(leim'm h, iU,;:r;i,it, ihr l i,'r,_.,Vi,r li _ ,++. i,t, l i\ _ r,.tlilirVillt'ill- h, +l l_'vi'l ¢'i_t:ilidtr;ihlv t(i
._,Ix.,u,t.,l J'_+,i,Jmh r t'+, I_. vll_'tht' I'\ ":+ri+{,+,Yrti _.Itt-. 'i'ht' rv'.iihii+_ I)\'. <, l)ri,_r;irn It'tltllTl_'-
lilt'lit- li*'ti'_<tf" l,,r thv .%(Ix.m_vtl I' _t+.+,_,i_ r t'x, h. iN_im..trt' I-, t'tl,ll_,_|[t'll| +i't'. tit" _'I)_i]Ip
li.ird+_.irv, lit', vN.:mv hml,l- +i,,, h+,l++ : ,{ ;.,,+hl.i ,_mJ 7",li q+ll_+ll++l, b%+-|('I,+ it'+,{ '_. l-:t_hl ;IC[i'+'( +
t.n_+iiit., il,,r ,t t,,I.ll ,,I I. "¢I t.li;_llil, i,,,+i,i- ,,,,i _, I,,lilJ.+ _,'.l.rt. -t'lt'l II it h,r lilt' t,_t.l[ (tt'..t'l(,lillit'il+..
pr,,;:rJlii. <%ll_iil lli tqlii',<ilrl!l v_L ii_ -,'I. ,,I hJl,l+.',..irv ;irt. itl,vllt.tl 1¢_ _tlltl._rl lilt, Iol.il
;I-<i.+llll>l_. ,llltl ll'-I l_ri,_i.tltl-
Jl '.'.,t_ t-titnli_._l li:,li ,,I,++_i! " ,,+,, ".'.,,:Pl I i,,. i++,,_,..,ir_, I,_ m+_,ii,tili-h il._. h_i+..i'htlt .
%lt'_iillt<.,rl.l']\iLtiilltrr I',,,t,, +.. +In,' l i\ ", I,I,, l llii ,,,lllll,,tl,.lit ;til!t t'll;;llli' <h-.iTli. l.ihfh';ilitili.
.i--t'llil+l'i+ ,ilitl ll'-t %t,rllll ,tlll,ii il,liillt+h. +ll.
Ili-t{,rl_,lt Itl,l'_ ,h'-i;:m 1,1}1!1' I I 'I' .It '! :'' i t \l't _i' I_' I + b+rt';+'{ lh' tl,i'i" l''i" (''tilll:itltl_
Ihv _l;illil'+l,'+l _,t ttl,,,,+,_i +ii t,_-_1,+_, ',.,'+..... ,,1 l,,l,,+l_ h r t',,+,h ,!,,_.,I,,lml_ i.l ,+r+_{ I_ r, lin+_l',l,r ,.I .
I'll:.'llll' li+-I s i+'ll_lill',t II ,.,..i- ,-fi]lti!l ,I ,11,¢1 .il_,!il I_''t+ i ti;'illi It "-I_ ,.',t r ,i I+_ ri,.,t ,,t ,+_1 l}_ll.
_,+liil,inrlt '.'..tlh .i .'.l_ tl+_, +t*'-r:ii I,il+lh ,ti,.li ,,l+_l litill.+l _,+i'+it-tl+t I_l It -I I_ Ii,,(t. '.'+Ill I_t. lll.'tLIt+_';lrV
h_ n_t_,ttil_h-h ltll" tl.i-ttlilr .\tl'+.,i_i,t,t I']..l><+ll_itl I _., l_ tll+_ilit' _h'"+¢ I+,l,i:;t Ill llr,,;_rllilll>hlt.Cl!_,_++.
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l)uraliun ad th*" overall devehq)ment efft_rt is estimated at 89 m,_. RI,IO engine devehqlment tu
the lir,,I !(I.l(t ]'r,.liminarv (_u;ttillt+;,ttun rt+qtlirPd al),lut l"t_l engine tc.,t_, and ,_ +;l-m,,
ttvvt, hqltltt.n[ l)rq_gratn.
."4pccial te..I elluipmPnt, le>_t :,land reactivalion, and modificatitm.., t,, acc,,mldi-h 'lit +
h,q,uline Advanced Exp,incier ('.'.oh' en;qne i)r_,_r_ml vlere o.,,sumed to be the .,>ame as destrihed
i,,r the ha,_eline t'atel_-ry IIA engine I)rugr:tni.
(;r,,tin<! >.,tlq=,,r: i.¢"llllnlt'nl rcqtitrelnenl,, v, ill c,,n,.ider tnt,dt.<ic.ttluns t_, existin_ (,DE
,],.._:_n-. Nt.t_ 1',:'t'_ _dl hr. iir_,_.idcd _l., nt,_c_,.,ary lind dev(.hq)ed c, i('urrently with end:the
,h._,.h,l,nt, nt. "]'ht' (;F,l-_ (h.tl.l,,llnu.nl l_. de>.crtht,iI it, S,,tt'on t;. A lib.ling ,it ihc_-e it,.ins ,,l (;SE
h=r tin, ('Al(.g,,r_. I\" t.n_dillt' is tonl;linud ill Ihe ()l,c=;Hi,,nal and Flight SUl)tlt,rt |",;in,
V,,h=nu. II. I',irl :2 ,,1 tht. lin.II n.p_,rt t,i tilt. prc,.i<_us study, and ;ire .,.imil;tr tit II.q_.e items
r,,q,drud I)_ th,' Ad',_ult,.d EXl_,,ndl+r t'_tlv E:lgm,
"l'lu" pr,,lwll.ini .=:+,l ,._¢'ill.lry lluJ<l rcquir, lr, l,nt_, for thu In,i._ulhlt. Adx.in.t'd Ex,_;=nc;+.r
(+_,t It' t.l,_int, l_,l.ll ,h.xi.l,qmleilt pr++gr+,tn =ru l.+liln,llt.d to be.:
7.3
I.tt I 1,2,;O.lt_i,t th
l.() l!t.(i; i_i,<ttt_l Ill
I.N 9L._.iwtl I.t 14t<'l Ill
(IN .1_'_tI.t iqtqI.I R',l ) s('l'
1;!i. .l,(i_ ill litlil >tl
BE$1GN VERIFIC/I, IION SPECIFICATIONS
7.3.1 General
I)t..ign Vt,rilitllli,,n Slit+t'ifi_ illi,,ll. IDVS'.I .,Tqdi, ,ihh, 1,, th,, [)_.rlx:ltitt. i;.\ ;ili,t lib t ,1.:ills,
im,Tr;i>,ll- l,,rill itit, l,,llll<i,lli_,tl tlil,,n _ tlil+t_ lht. I'_i_'Ailil' lit,_, I_,lunt,,ll I_i',_ir;ill_ I'l,iil" ,.tn il_. _)_-_,1
"l't_t, li\'.'4'...ll,.tgl_ lilt. dt.-i,'ll lllllllll,nil.lil_-, lind lt;r rt.,itllrt,ilinilt- l+,r ,. rlil'_ ill.. Iit,, d+.-:.;t;
I{_+_llil!,t' t'iqlllit)lll'lll Hiiql t'tl_illt' hul-illihl) _'l.-ling ,lll,i I';ird',_mt, rl+,ltiir,,lliq.tlt-. ,'llklllt > -l'lll),,ri.
;In(I ,,tilt, r v:u-t_'li._t_,',,t:- lt-lill_ l/ll(I h:lrflx;.Ir(' rtqltlirl.t+_t.il!.. Ill +t(l<tili,,n l<, th, + li\S, r,.l;.i+_,.
I1H'III_. ,iri' n,_l ilit bidt,,i {11 ihc iildltidii;,I I)\S'>.
7.3.2 DVS Development
Flitldatlll..nt;il imrlornl:lncl • critPri:t, r,,Viliiin,ql ill ;in i'++ili_'iil, • C'I"+I ._lW_ ili,,_ti,,t,, lilirtf.t, i'
(',,iilrl,l I )lll'llillt.nl ill" .%i_.lb.l{c;,1 ,.\i,qlx_.i- I_r_,',iilt ' lilt dt.-i_tl r,'(ll:{Tl'lll,'lll_ b, _lt.t,.l+,t) tl:,' ,'1);'t11,'
lind Iql_lll'l' ilti'l'lill <' Ill,' vlli-_.i,,ll l'i'<tllil'l'nll'lll-. I']ll_ilt,' ('1"]t .'4l,,',il+<;lll,,ll ;I.Itl+ I1+,I !ltt'M
I,,rlnul_ll+.d l_,i lilt Ilt+Pl_,3ii_.l' I/I,l_l i>lll,.iln.... -,, u-t, i- ill;ill,, +,1 lhl, llill,t.ti_.,.t,l;il I_, Ih,T"_ 11_,_'
(riit'ii;i t,,nl,iiilt+,t In l!,.,. I'rt.I till !"u liilt'rliitl + ('_+l;lr,,I I+l,,tqli+tlni. ll, i-l'+lIl+ ' "lll2 lhl_!i't+ +i_
l),lt'ilili,.ilt .itl+l _,th_.r :itHd+,ithlt. tlt_t'iltl!,'lii... +llt+h 3- lht' I{l.lll.\ ;! :'+ Xl,.h7 ";I_'_ ili_.i'l..'_ _.,,
'_'] _l'l\ _lnt'l' ;t'_ I _t, S'- _-_ ,I ?ll Ihi.-trills. lift' llr.'lllliili+,r\ :!_ I,.lltl;(' tll.i :t,I-' 11_ - 7'_+,, !i.i'_; i ..... "',
-Iti+l', l_t;:i-_ '. _,,ll;:+,,'+, 'it ,,t+d tql21til' ,t,'-it;ll It;It- I<lr i- C,"t,t+l_!Ulil. l',I_,, '+ _'t, ':Pt ' .i. ]
-It+,_'+:ilit',ltl,,vl ,- i ,,! l',, :+,+t ,,. Th,. I IVS. t,,,l_._i, the. l,Pt,lillliil,u!,, it,l+ i i:,_ _.... it,+ t_+ t-I li,!i-; ..
ll,,ll,,rlil;llll i, ,lli+t _it'-i::vl rt ,lllil'l'lll,'lll- l++r lilt' t"l.'.+ilit ' .illd t';I, }: Ili,ll,_r t ,H!+._',.PI*': !' _,\ l:, '+-li<i_ i .Iti
ni,l ,1%;111,1 il'. lilt. Ft.+t ; ri.lllt+nl- 'i'll.It. 1'1+,1+ t,:N,d +ill l}li' H-.-tlnll+lllql ttLIl .I t,'<t','rt'M)i'tll- i,+.t .... :! .
I_ll,,_.t+li. lilt' "l'lllJ I'- v.,,!t]d }it' liitl,tlll,rillllt, li\'S'., l:iilhrl" ++,+ ;it:t, Ih,' ",:,-th,,,t, t _ ,'i_ ,': '_
tl.rili, .lli,_ll |l._l... and h.trd'.,+,ir,, rr<lilirrllti+ill-, nl,+il',lh ;lt_ ,,rt,'! tll,>li ,.l i!t l.+,i ,, <i,ilt+ _+!, P'.' ,
rli'_'ii!t' t*i.rl+ffilllilll't ' ;iti<t _,l++'r:ltilU_ rl'llilirt.llll+l/Is. _lnd i!ltl,tr, !,tli,q+-h+!,- ,.t _,,_, ,l+ I'l.'l ' .l, .i i It
"t, tiiiFl'lilt'tll+. The II\'S l+r,,_id, ,. rl.ii'lt,llt'_ L- I,, _til,ll<,rli,i_ i+r _>'+,'.t' _ n + rl,, _ii,_+ l_. l .... +I: :. ,+
,liid '.lii+_ldi/l I.ii( - ilt+-!!;!l +i--lill+,tilllin>. lt.-I flit,11_+,<t.. _ln,t +ill i!t I Lt !! ,!11 I
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l)uri_g the I)revi,,,s study effi,rI. I+rt.limi|_ary I)VS's were fl)rmulated for the Derivative
IIA and liP, ent.:ine con|li_tlr,qtiolt_s. A li_+.Iil)_ t)f the I)VS's that are anticipated for the
I)erivalive I[(', ('atel:ury IV and Advan,'ed F:Xlmndur ('ycle engines is provided in Section
7.3.4, 7.3.3, anti ..3.1;, respectively.
Ten indivhhml preliminary: I)\'S'_ were prep| :ed tilt lhe engine component such as thrust
chaml_,r assembly. _,eqtu+nced and prv_,sure.¢qwr_|h,d valves, fuel pump. etc., and for the
engine. For a li_.t ul the_e I)VH", reh, r _atk hi 'l'ahh' ";-2.
"l'.ta[ devPh,pmenl ph, nnin_ elh,rl t,,r thv t¢I.H) lh.riva|ive el_:im,_, a_-_mwd ¢ha! redt'_i_n
and r,,verifivali<,n i_, reqtlir(.d The 141', rv(l(.-i::tl vlh,rt (.-limah. h+r the l),,ri_a+i_*, IIA am| lib
en,.:im,- _a.'. Im.e(I ,,:_ 1ill. (tillerence ,,I lhe (h,,,vl,q_lm,I)! eXl_Crl+'n_e _l tlre_i-kP, l([.l+l er),.,hu,
(|ev[.[,_|llllt,nt |_r_,_ranl- and lh(. e-t||_)atv ,,! 1hi, ])_'._ pr,,_:r;=m,.. [11 an ,m-_-in,.: e)l,.:h)e
(h,',_.],qml(,rH iIr_,_.:r;lll ,, I[11. I,,rmldall,,=_ ,,I _e_vrd=, alh,_ !*...1 IW,,L:r:tl]l ', req_iirvd I,,r verili(';Hh)n +_f"
t',mqN,twnt'e_1_im, rvdc..i,,.'_- i,. ha,vd ,,11 ;HI H'.,-.I'%'.1111'|'=I ,,I !hi' ,,ri=:inal +h ,.i.,tl :,rid ,cerifi(';ithul.
|_l',,,l'r+t+t ;1!+_111 It's! ]+T_,gr,lt++'.- _._,ot|h+ rt._|;Hrt. [+(+lh |'&_':_ _tld (;_'vt'rliBI('t'_t ,ll,,l',rt+\+lt |t+r :+t+th*+rity
h_ l)r-c_'('d.
('utttr.l ,,I the har, h,,'_r+, c,,nl_gluati,,11 ,I-ed durra*-' _+erilicali,,u i.. the re.+p,,n..ihilitv ,+I the
al+lfli+'ahh, I)\'_ l'r,,it.v_ +':h_in<._,r. and i.. m<,llit_,rt.lI l)x flu' (',,llli._tlr;lli,+ll ._,1;111;i_t'111e111
( )r_a r,i/at i, m.
l}\',_,'s initiated hy a I)r*,.ievl/I)e_,ign I+:;lgineering Team are revised thruugh a C(mfigura-
Ibm Nlanagen_e+lt System ,,_.hen the I)reli|_inary i1_H_litati_m is rem_ved |+rum the [JVS's. This
pr,,vid,,.,, a c_,mm_;n system Iur i)\+.'4",, Enghwerh+g ('hange Nutices (E('N). Engineering
i{eieases 4EI{I. i':11gim' Modt.I .'ql)t+cilicati.m ('han_e Notices (St'N). and Interface Revision
Notit.es 411IN+. and al,,,u pr.vide.,, the i,ller_ml int(.rf,_tv to ket,p the I)VS current with the total
reqt=irements. The meth_d used t. _:vtwratt., vcm!r,d, and update these specifications is
ilh=+,,trated i_ Fig:lr,. "_-I_.
l"i_'+._.,'c 7 I:_
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7.3.$ DVS Construction
¥.3.& I Secti_ L Scope
This secti(Jn sets the hounds of applicability of the DVS. It c(msista of purpose, lista the
major secti.ns, and provides a statement that each design requirement is keyed to a
verificati,m meth()d through a "Cross Reference Index." It further specifie_ the DVS'a
relati()nship to the Pr.gram Development Plan,
7.3.3.2 Section I1. Applicable Documents
Thi< _ecti.n in tr, he determined later. When ('-mpleted it _ill (-,,ntain a li-I -I _)l)l)lic;d)le
d(,('.ment:,r,'fl..renccdin the text of the I)V.":,.The li_tis('ateg,,ri_'eda- l,,lh,v.'.:
1. .gl)ecifica) i(,n_
2. .qt andard_
3 Drawin)ts
4 Han(ll),).k_ and Manuals
:"). (hher.
7.3.3.3 [,action i11. Rc<tuirementa
The requirements section consists of the f,)lh)ging five ,_uhsecti,)ns:
Performance -- This subsection consists ,)f fun('ti-nal charact(,ri_ties h,)th
primary and .,,ec(indary, .ix, rahility in terms ()f maintainahility, failsafe
design, useful life. envirc)mnental and safety criteria
2. CEI Definition -- This subsection ('(,n,Jsts ,)f interl/ace requirements
4.
Design and Construction -- This suhsecti,)n consists of )teneral design
features, selection and review (,f specifications and standards, materials and
processes, ir;tcrchnngeahility and rel)laceal)ility, manula('turinx l)rf)cess.
electromal.melic, interface/su.,,cet_tilfility and identificnti,,n and marking
requirement
Reliability As_,urance --This su|)se('ti,)n states that the comp()ncnl.'engine
shall be suhject to design review. F'MEf'A and )(,st and malfunction analysis
requirements
7.3.3.4
Oualit.,, Assurance --- This su|)se('tion statc_,; that c()nq)onents/engine shall he
designed mwh I hat material, fahricali(,n prtx'e_,s(,s, cleanliness ('-at r(,ls and
tests may he in,-pected. ;tnd _,,r veritied in accordance svith Quality Assurance
requ ir{')_l(,]_l s.
Section IV. Verification of Requirements
This sectionSl)t,cif'ies the test criteria r:'(luired to verify the d(,,,il:n reqtzir(,))wnt_ pr(',_ent(,d
in Section llI of the I)VS. It is divide(l int,, the f()lh,wing seven mal,,r .,,uh_:c,cti( n,;:
Veri['i('ati()n '1"eat and Evaluation - '1"his consists ()I' x(.rilicnti()n I)r()Imlm
(h, scriplion and conlr()l, ct)ntrol task definition, and v(,rdwation (.())nph.t(, . "
doc't I!llel'it a t i()n
L
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2. Analysis - This secti.n Sl.'c'ifies the desitn requirements verification by
a nal.v.,_is
:L Hardware Insl_('ti-n "l'hb, _,e_'ti,,n _,l)ecitie,_ the de_,i_n and c-nslr.cti.n
and guality a,_surance reqtlirt.mewts verili_ati,,n hv inspe_'ti,,n
4, I.a|_ratory ,_r Bench "l'e...l_. --- This st,('ti¢,n _l>ecifies the sec'.ndar!,' per.
f-rman_e and ,,l_'r_lti_,nal ctmra('ter_.tl_L. ,, ;rod Olx'ral)dity regllirements
verifi('ati.n I)v lah.rat.r_. <.r I_un_h tu,-tin¢
.'qub_.ystevn_ H.t.Fire Test,. Thb. _ecti.n Sl)*,clfies the primary per-
fi_rmanc'e and -perati,,nal _har+_t'tvri,.ti_'s. sec_nditry perh,rmance and
¢)|x,rati-n=d ('hara(teri.tic_.. (,I_erah_litv. interlat'e and gem, ra[ design fe;_ture
relitllrelnellls h) ,,tll)_,)_,t_,lli h,,I jlre It,st_,
t;. l':l;l:ine lh,t-Fire "l'est _- 'l'h_- ,.e_.l +.,n ._pet+ilie_. the primarx +perl,_rman_'e and
t)l_.r+lli.nal ('hilratteri,,lil'S. set'c_n(+ilr'v l>url+_rn1,+lllt,e 1111d (_perati,,nal charac-
leristit._.. _.l>erahility. interlate and l_t.neral de>ign fe.tlttlres re<.itl+rerllellt+ I)',.'
ellgin{" h-t+fire teP+,ts
'7. l+'lil_ht ('ertffi_'ati.)n This _.ecli.n ,.l)etifi_'_. the ('ertilit;_thms dem.nstrati.n
and llil_ht certifit'ati.n (h,tt]n+ent;vl_-n retl_irement_, xerilit';iti_i1.
7.4 SUMMARY OF TEBT FACILITIES
7.4.1 Facilities at Government Products Division (GPD)
(;1'1) h:_'. thirte_.n +,xi..tin;.: ll.sl +tan(b.. ;In in._trvlmentati.n and igniti.n l+d).rat.ry,
hi.;tidily ch,wvd)ur, givnh,il ..lay,el+ _.ihr._h,n laid,.., t.ln;dl and ];vreel and leM supp.rt services
l)lannt,<l h,r utili/ali,,n in the ()T\ + ('llgiI1t' dvx_.l<,l)n+,.nl l>r(,gri:vl!, _'ive t,l these lest stands can
I)++.t_,.etl v+-ilht_H vn,,dilit.+vti_,t+_P,h)a,'t',,V_ll)li..h th+, l:lantluti ;;,..ling. 'l'i_e rertlainivvg eight test
slan(b, will ru<itfire m,,<lificati,,n l_r lhis l+r._r;_tl+, l)el+'fil Imrl. cl)ml)<)nenl subassemblies,
(-.llll)t,nelll ;w...emhliv,. and en_im._. _ill l>e h.sted <,t] th/+.se test _lands. Achliti.nal tests are
Idarlned I. bl, t.<.rldVlcted by l{,.tkel A..+i.mhly. _,_vl+dit+vAssurance. al+_(l +Materials [)eveh_pment
l ,;lli_ _riltt_rv.
The lv,n_ti-n and ,+,Imhility ,,I _.,.h t,.sl _.t.nd in s.t,mmarized iv+ 'I'allh, 7-;L
7.4.2 Government Facilities
NASA _r<,und ruh,+, h,r the l_rt.vi,.=_. _.l_=<Iv (NA,".i.'+.-2,_,l,g.tll <'ailed l.r te_.ting of I{I.10
('ll_ill('s with l;vr.:v. +,rea r+_ll_) ll,,;_._h" _,xlen_.i_ns t- It. a_'t'.ml_Ib.hud <+If_.ite l+r_11"_ Vii+I) For
Id+mning l_Vlrl_._,(.s, the..I :l le-+t _'ell in the l+_n_int , l'('_.t Facility _d" the Arn.H I"ngireering
lh'v_'h_Imlent ('elvli+r _._.';l_.;lSslllni+d It++hi++ ilV;lilid_h,.
Te,,l ('t.ll ,I ;l i,, , xu "tit.d te-I ,_',l in x_h+t h r<, k_.l pr,.l,d-i<+n _,v,,tun+s tel+ t. '_+t}O.q_} lb
thll,_,t, t,r i,ulCil1(,> with ;l +n.xin_.itl v_,,/,'h, _.,:,,,iI lli:lli1(,l_+r t,J ll_l ill., ;Irt, lt-:..t(,¢l ullder simtl]ated
hi_h.;dlil,_du <,,wdili_,._ II., 14,..,I _.II i_ _..Hud+h. ,,I It..li_,_ (._,VWldt+it, l_i+.:hlxveii_ht missile stages
.r ,,.p:vt (.t.r,dt. The l+ir_+,e..l ,_I t',_.t_ ax.il+d)h. It'.,l t'+H,_ul,,>, t l+ hv I11 Ill is e<luil+l)etl xsith l'_Itr.')_ell
<'.,,h.<l l,;._i,b, l,+r _,in)tvl.lvvl_ l,,xv hqnl_ur,il_vrt. _ n:ir,_w+llt.t_ts i_'+ +_thlilion t<, l,,w l>resstvres. ,_,l>ace
l)r,_l_vvl-h_Iv .-+_.,,l:.iI_- viii l_+ :I1+ II ill h'n_th .n;_ hi' lt"-tI'd ill ll++t ` t'_vp-tlle.
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TABLE 7.4. GPD TF.qT STAND UTILIZATION
(;l'll Nt<lPid .%'<_
E.7
1t.17
II I
11'21
II 1:1
l{ 21
ILl
1;1
I;1:1
I;imh;d _l,.id
II,.mdi0_ t'h,_mlM.r
Vii,ration
_m;dl 'l'+dde
_ln|ll]ltll.ll /111 illl{'_p I1..1. Ic, '_,+10_ 4 t,;'Inl" ,_|wt;ql i,_1_ ,till| I_l'rl,,rllhllH i. _ll_l+,kll ,I l!l.'h .111'_1
l'id;,_ extendlbh, .,_;p/l+- F+_+;_Lt_I prr-.-ure-, ,,I II ;I _l.. (I I i,.na q) 4_ ip.j.l+ a.d I ! i_-u , +H_
Itflltlllt'(I Itl _lllrl II+llk befit] idll. l_'llll_l. Ill.lrl4r, ll_.l'rlltf_ ¢|IIIII;IN'I[ alnel I|1ii1.1 ,11111 hall
lhrtl,+l, ft'_iI_'l'll+.rl ', I_l'l /_l_ Irlllllltf fl'lll'll'_/tll,lll ;llll'l II'lIKtlll('.l|l+,ll)
*_lITItlhlll'(t :111 'fill]+. lt'-l_ |1; ',,,'r;|',, I'11_1111" -Idtrl ,_|N'I.IlI."_ II_llil r /i.r,_ _+F:I+, if_+ i+,lldl11,,ll.
I'lallll_d ,+ll_; .,h!.. t_I1 _,;_ lud,. _lllx'rhl,:111+(( _.lt|.,f .;1111t',111.,1 +..;l_.r.. tl,_r.+Ic, I l_<l_l_+l.
t_.n+ Nt'_';II. ;lipid ._ll)t,.,lert I.lu_d II 111 II "<1'_;11 _ilu_h_to-,t Ii--l- t,, _l.rlf_. i,tl;Zlrtl.
iql.riltl<ql dllll| Ikt.rl_,fnlilllq I' _lth ;I 1111111 _ll.II high ,irl,,i rltll, l ,"*,lrn0,ldr ill_,'li_. I'i_.h,l,l-I
|_rl.-.llrl,_ ,,I IIIIN |)_lil II _ it.i; I illltt I1 "m I_t +;111 1"" .lll.l_II('(] .ll _l;Irl l.lllk h,.,ol .HI,,
lh/tl-I+ lllil111"ll_+*"l+lll_ II.IITIIX'I| Ilttl'l IlWtl_l .llld I_111 1111,1-1 ll'-IN',11+,l'l_, l_t'_,l ll_.ll,_f
rl'J1tlll_,/l|l*+ll dlll(_ 1111,411|11 ,'111,,111
I.-_ m.I t._h |,r,---r,' ,,x_l+_,.r i.iml_ ll'-I- ,Ih, r_ ,,._¢ 11'_ a.,I 1";,,,-_.,I_ IV , \,,r
ll'lll_lr1'{+l f"r l)l'fl_*illl'+l" llll lN.r_<l_ Ill;It'it fl ,It ll_,;11l,q_l
I.,,_, I(';lll,iD_l% I_1 .in,| h.:h ll++l'--Ill_ • h_,l_,_r. 11,1111|1 1,-I- I(';llt'_,_r _, I_' .11i¢|
II,,Prls,;lll,,l, IIA + N,,l r4.lluirP+l f+,r |)l'ri'_,'lll+*l ' III_I l",,.,.d, lli.il''Y TI',I, ll't;lll,+lll
+rl'IlIi_'ritlllrP l+r,,l+r 111llllr+ll:+_n ill t r_,_qZl'llll ll'lllpl'f,lfllrl +_ 111+, lll,_,lJl|It ,III,+III
I,illlli+| bx(Ir+,_l.tl l)+.+IrllX_ |fill| _l,;il 11'_I_ ;II l'11'_11+l ` ,qN.r.lh+i,' 1, +lllW.l,r.lhlr_ . +ii)+| "1""_|"
(_I'P{'I_ lltltlt_T lt';tl tl_./lltt,_l
_,'alxi. i ilh|tr;lll,+ll_ ..+,:I h t_+;lll.r +ii li,,_+t- I,+ II_ll ;_i_111 ;i11+I IWI'_IIrl _ I,, llml l_l I '_.,i'l'+i. ll1,ll'+f
ft'lll'l iV+ll lldll
VII]_+(. 4r_+++t+l,lllt" l_,t 11111." ;1111| '.+slx+ ;+;lll)r,tfl,,n. ',xolh ,,t,llt.r .,f 11,,,,++_ h, llkl _l)lll ;111d
llrl+_.lltl+_ Iii '_'lll llmt INI. I l{% lll.ll,+r rl.Jll Ii+.;iii, i111
"l'hr.-t +h,lllil+,r _,,r,h ,un_t,'r h,,1 llritl_ l+.-l. ,I! l'll"tlll' ,,IWI;,IiIIM i',,n+llri,.+- llhmm"
! i'+'+_li'(l ''+ ,II I+,'1",I 11l,ll++r ]FI+( illl_l lll_ t It+11 l
_'+IlXl I, I ;l+l++rllll+,ll_ '_l|}X l,,l;+,,l IIII l,+t+l+ll ,II f++ix_ 141 22 ,1 _I_III ,lllll l,r_,--,_rr- I,, +lJ +, ll.l i11+i
II11 _l]l'l it ;I | ic_ll_ l
"|'hrtt-I t -I;I r,,l t l',t (+i,_t.lt l+t ¢;IhI,r;i! t, ,t_- _ i1 Ix ::,_-_,, ,it. lltl f-_l,ix +t,_({ _.l_4,,+tl- 111 h+ll_x ;+! l+,+ ,_+..
lllll_.ql_l++llt,+lll+lel'-'llto'_l+,l"_t<ll).l.tllt#l_lNltll_l tl+.lll't I 1% , Ix _ If+, l+l,,+]tPl_ ,ll t,.;.l
_,'+llx+' h ,l_;ll.q, (-;lllhr+111++1'_ ,.,. ill: ;:,+-t,+;l_ 11+IP++;_n+ll ;tl;,I _;I-1',,41 _ +gt hlll+l .II |_ +X+.. I,_ _++;lllmMl
_14 111, ;11 Ilfl'_'lll'l _ l,' l'l_It 11. I ;11111 _+'1"I'_ l+.h r,..I++_I,xa.ls It,_+ 111111]l+ll,lll++ii_i
lni,'tI,+r l'ilhhr;lll++D- 'ailh +,',+llq'l" ;I! l]<+_+- 1'1 : I-1"I _II111 ;ll+ll l+r_._llr1._ I,, +_',II i_.i +IX,,
llt+_ltlll It| i;+11_1
Nonfiring gimbalinl_ _l)+rntely in Iht. i.teh and yaw plan_; sinu&qidal wave t;ignml
inpu! to n¢l.ua|<)r_ at integral I'requencies I'r+)m I to 30 ttz. |Needs to be reactivated.)
_1111 ,11111c,-phl'rl' tl+-Ill+l; _1| |PI,|() I'lll._ilts , tAilh t,tllll,,lI,,+J ',_.,lle,r. -,Ill. ,Ir1+1 .llll'l,,_',.
III1 hlllillg +It'+ I,tdl+ V,t'| htdh II.llllU+l'+llllrl + rrl _,IIh'r a+,llll,,lh.l , \+'+'d- h, h+. +,'., l_x.,t, H_
'V,.I+,I, ;11111 1',+I111)++11('111 '_ tltr;ll.,+ll 111-1111:. ' _I|'I. _|,_|i,I 1' II'1 ,t lht,llt,,,l +'_.t l+,.r +ii
frl',itll'llfir- ,+l _+, t,, _P+,,_ ll.' -,.,. F,.,,' ,,,111.II I- Lu4'I+IIl |_t, Im,;l k -llt,' i\,.+-,]. 1,, h,.
rl.+ld'| I 'k 111 I'i'] I
l.;+r_+. T.hh, {',,mph,lt. ,,t;t'.itw b,*lie,,_,.l ,,r _,,,,li,_il "++t|+l+lll,'ll l+'-llll_ ''I! _I'I|'_ \l,,+h.l 1" 1,I _th, ttt,,,_
,,_,+,|,.r.,. t,y_!?,2_,+,_-,,:, ,_,,,_.,)_ .,,.,__I?',,_+U.,,_+,, ,,_,. _:.,_t|, t,_+!_ -,?. ......
Tl;e .l-:i t'*+ml)lCX is t'tltlil+l)t+tl 1,1r h+,th :t+',l)||- _lt+(l +',l+Ol++ p+i _il_,t',lll _, ht+lilllll -|111";I'.'.1'. +i :+Sll(}l,. i
_;l'4(',llll+ Ililr<);_(,|l .'-l,,r;,;Zl,+ arl(t ,I| 2/4.(X)<l.l.:al liquid |litr,)_(.n +lt.xs;_r. Y¢t,,r.u.',. h,; ]iq,M+l l,|,,llt Ihl,_-
in('lud¢._ liquid ,ix?,_z_.|_. hv(Ir<w;_rl)+,t,_ I twl+., at_d .,.t(,|ahh, ,,xidi/,.r,. aud lt|_N _t_ct :_ <tikt._l r;_il -l_!tr
I'-|+ liquid h_,(Ir_)I.:(.n|_.|a,l;l_l,. Ilil4h l';ll_l+ilv+ 2-1-|ni_'r,,|_ ;ih.,+h||l + lil!_.r,. _r_+ i|_..|;|lh.<l in lht.
pr, q)ellant svsl(,m_+ 11, n_airllain Imrtit'ttlate <',,|ll_|l_lill;ll i,lrl ;tl I1_x,.' h.v_.l.4.
An inpht<'e fh_wmetrr ¢_llihrali<,|'+ r.,y.,.IPnl i_ in'.t;_lh'<t in h,,|h IhP ,,xidi,'t_r :|_(I I_l,t .._-t_.t_-
I|_ I_r,_,.'i+h, fl,_wm,,ll.r ¢;dil)ralitm_ ir_ I}1(. |_r+,l)_,r |'}t;irl t_,t,<]i;i _|! l}lt, [l|,,I){,l' iir+...u|', ,. ;+_t
I('tnl_er;|l_:res ||'-ing lht, t(,r.l f_.(,dlin_, t'<mli;',|r:_ti++n. Th|. rr|lllir|.+l n_,,,Itfi,';,_i-rl., t,_ .I :t t_,-.| ,,.ll '.,,
pcrmi! lestinL, _d' en,,zi|w,, wilh hilzh ex|>;u_-i,m |:t|hh rxlt,t_{iht(, |_,,:.'/It .... t I.t|::_. _,_:i| ;_r_.;t h;_,.t, n,,!
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7.5 GROUND SUPPORT EQU|PMENT DEVELOPMENT PROGRAM
i
7.5.1 Gu, neral
New gr.unrl ,_upport equipment ((;SE} for engine development pr-gram,, must i_e devel.pert
concurrently with engine deveh,pment t- ensure c_mpatihilit_,' between engine i_nc| f;SE
ftlnlLtl(_ns. Milestones fi_r new (;SE de,.ehq)ment .,,h_,uld he intrt, n, ted _ilh engine devel,,pment
milest.nes _hen nn _mgoing prt_¢ram is identified. _, that (;SE ,,_ill be pnwided l_)r traininl., and
SUl)l_rt t_l the first flight ¢PF('I enginv_ Io I)e delivered as well as l.r -In'r;Iti-nal (I-'F(') engines.
New (;SE development mum he an integral part of engine manufalcturi.g and te_ting.
The _;SE items w-ore pre_.nted in the I)vsien Study of I{I.10 l)er,vative., (Final Rel.}rt.
I"I{-OH I ()per}_ti,mnl and Flight Sul}l.,rt Plan. \',,lume I!. Part "! =rod are identified as existing
and new (;SE. These if eros are chl._sifi_-d inh, hltlr rmq.r groups.
I. .Mt.chanical Fquipmt.nl - Wrenches. ('_,_ _'rs. kits. etc.
2. Electrit'al Equipment -- Electrit'al cht, cK.ul c4,ns.le,_
?,. Insln'etion Equipment - I'h_re...e_q)es. leak l,=let'l( r_,. tic.
4. Handling Equil)menl Maintenante ._tan(t_..,.Imgs..dapt(,r._. engine
t r|l n s ix _r| e r_. el ('.
7.5.2 Identification of Hew Requirements
Design hly-ut review_ .re c(mchwted inf,_rnmllv durin_ the d(,_.ign nnd f,,rmnllv at the
('_,mph,li.n _,f the (h._.i_:n t,, idenlily _m?, n_._ (;.'-;E requirement> ]"n,.'ine (;SE (h',_il_n c_,rdinati,m
and r(,viev, is ('_,II(IHt'I_,(I to a('l_ieve che I,,Ih_v<ing ohiel'tives.
7.5.2.1
i:
Elimin;_ti_m ,_f (;:';E requirements, where p.s_ihle and prm'lical, is a design ,d_iective.
Engin(. ('olnl)_HIt,llls ;llllt I_ilrts lh;ll n,quin, servia'lug, inslle('ti,_n. (_r nl_lilllen_ln('e are designed l-
m_ke u,_e .l standard t_.,l_ instettd 0,1 requirin,e Slwcml wrench_,._, i.dh, r,.. Iixlures. etc. When the
engirw dr,sign feat ares which would be rl.quired l- eliminate .tlwr_i_._. needed (;,";E signitican!ly
affect engine weight, rrlHiltilat't _lring c(mlph,xity ,_r c'_,_.t, lia(te .,,t ulties ;_re (',,t_(Itlt't t'[| t,, (letermine
Ihe he_t t'l)tlr_e (if" a('ti()n.
7.5.2.2
Whert, eliminati,,n ,,f (;SE r_,quirenu,nts is imp,,,..4hle-r i_ ..h.wn u, he impra¢tical I)\' a
t r_l(h, st adv. (h,_.ign ((,,,rdim_t i-n and lay_m! revie_...erve t(, i(h.u_ ifv tht. (;._E r,,q,,Hrt.n'wnt,_ nnd
a,..,.ure c,,n'H);)libtlil_, _,f the (;SE with the, engir_e. E_l_in,' de'.it_n I;i3,ml re', i_.,v...., hv th(' eneineerm_
te;ln_ rt,_l.,¢l_il)h, f,)r th,, dt-.i,l_qm_(,nl 4,1 (;.%F.. th(. (.ngi¢_t,_,rin_ tl_:_u- ri'-I_,m-,ibh' I,_r Ih,, en_in,.
dl'vehqm_ent. ;|rill till. II.S-(;SE l_':tm re..p(msil_h, h,r the u.,e :u_l ..upll,,rl _,t (;.'4I". il'_ the, ti_,ld
ensure the require,_m_t_, i_,r (;SE ;_r(' k_,pt _s .,.imph, _,. I_,w_.ihh,. ;u_d t'-mlml_dfili_v .f (;,qE i-
t'n._ilre{I wit tl ol],eral i_l_;tl reHH irement,.,.
F'-II-wing the (lehigh la.v,,u! review.,.. , nu_inl_,,'m_((, t,nl:inel,ril)_ m_:,h..i_, i.. c,,ndmll,d ,_n
ea_'h mait_tt.rl:uwl, ..ignilic;,nl engine ill.In I'_, ill(,_til_ the, nl:_inl_,tuHu'l, t;t-k,.. I_h,,r '-kill._ rt'(luir_ d
and tooling nee(h.d, and it, f.rnmlly d,wunlell! e;t('h(;.K}._ r(,lluirl,rnenl.
186
++
]- 7.5.3 Screening ol Av_lab_ Assete
Pt_t; & Whitney Aircraft Grou
FR-131(
Volume
New GSE requirementg having heen identified, a survey ,,f exi.-t into (.,)vernment and P&WA
equipment w_uld he conducted to determine if there is an,,' availahh, equipment which ran
satisfacvorily be used to meet these new GSE requirementa.
DurinR the screening l)n_ces_ the l)+_s..ihility (,f usin_ tiff.the.shelf, commercially available
equipment will alsf_ be reviewed as an altrrnative to m<Mifyin+/existint: equipment. The I+urp_.+e
,_f the screening pr(_ces._ is lu avq_id the design ant_ development _,f new e<luipment whenever
l_m.,+ible, thereby reducin_ pn)gram c-sis.
-i
:t
?
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7.5.4 D_tgn or Modiflcallon
Where new (;.qE requirements have been identified which cannt,t ht, hflfilh.d by existing
equipment or the mt_lificati.a .:f existing equil)ment. Ihe design (,f ne_ _.quipment is required.
Wilh design approach _;elect mn of a part icular item -f (;SE. and wit h p,climinary drawings
c'<)mplete, a Preliminary Design Review (l'l)l_, w<,tild be ccmduc'tcd v.'ivh NASA.
7.5.5 Development
The const ructic,n of new GSE hardware iv planned under t he directi,,n .f t he [)eveL.pment
Group. This equipment is put in use dtJrint_ the cn_ine de,,'(.I,qmwn! Ira,gram and must l)e
devel.ped with the engine. I'erhJrmance _,f the i)r,_h_t_,'pe (;SE dttrin_ the ewgine dt.,.'el,q.nent
program l:_'rmi!s Ent+:incering t-evaluate equipment design and (,ffectivcness. When de,,'ehq_.
ment exl_t, rience indicates change is required. (.SE dr,signs are m.dified and these m,,dificati<ms
are inc.rporated in the I)rot+_type hardware h,r further evahmti,m, V,'nere (;SE ix required
pr:marily f.r ,,lx'rati(,nal use, anti usatze in the engine devel+,pnlt.nt pr.gram d,_es m,t I+'r,,vide an
adequate _pp<_rtunity fi,r evaluati.n, special tests arv planned nnd executed by the l'ngitwerin_t
Group.
New (;SE items requirm_ significant (h,vei, qm_t, nt erfurt v,uuid he dvveh_ped t(, meet the
specific operati.nal requirements d(,termint.d and vt.ritit,d hv t h+.'hxt_,g,'+H(.d ].,,gi,qics Supp,,rt
grt)tllm, t- l)r+_vide che('kt_ut t_t+the +.'l_gil_e systems and <'(vml)(,llenls. _ty_(Ito l_r,,vidt . re_(|y l';;_t_dlin_
and t ranstx_rtatitm (,t the engine.
New (;SE items, such as handling de'.'ice_, slings, maintenance _.tand.. helium and nitr,,_en
supplies, tools, wrenches, and insl+,ecti,m eq.ipment taken individ.:Hly h,_ve relati,,(,ly small
de,¢el-pmenl impact. Wht, re possible they art, (h,veh,l_(,d c.m'urrcntly _ith similar ('qUil)ment
required in the devel.pmen! program.
7.6 OTHER END ITEMS AND SPFCIAL TASK3
_*reliminary I)r,,,_ram i_lannin_ e._tinmVes inch|de .vu. hvll.si.,t, m(+ck,,I)_,f t h,, ()'I'V, w_inc, t,_
be fahri<ated ;rod k<.pt at I'&WA (;1'!). It will he ttl.h_t('d hv iw,',,rl_,,r:,tiw_ flu, I;_t_..r ,.t;_in('
design ('(_nfiEttr;H i,m_, an<t I)r(q_,,+.ed c,,nli/_ttrat i,,t_ cha w,,.:t,sat_d *'nt:itu, h+._dlln+: +,qu it)..,ul ",,,ill h+,
checked. A s,'¢+_nd t_tot+kul_ ,_Ithe lati,st t._t+_li_r+_ti_,_ is l_l;mvwdt,_r dt'|_t'rx |,, 1by (;,)x ,,rwl_lt,rlt
TBD m-:,' h lr<_m gc,-llhead l_ l)e lJs(,d l+<_r('ht,t'kHlt ,,f t'ngiru, h;mdliw_ t,qtliptt_t.rlt, inst_ll;_l i,,n
and l)r-('e, hlr_,,
l)urin,q the design t+f the (-)TV engine, the m,w l',:trts r+.quire<l l_,r [,r(,<t.rvi_),+,. and imc k;_u,h_t.:
(_f the enaine are designed. ,qervice and tield _qwriHi,+;+- engi_t,er-, tw++,,idt, th_,ir it+)+_lx l,, ' ;;+-
dc+-ign 1,, a,,:.,t,re that they +|re cr,ml)atihh+ v+'ith pr l,_-_,d (;SE and hat+riling r+qt_il_tm.t+t.
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The reumahility ()f these devices pr(,vides If_r a ('t+t.t, ffeclive pr-lzram, mnce the engine
a._semhly +,_rotecti.n and certain packing devire... _.il] he tt++ed in the deveh,pnwnt l)ha,_es i_, ship
lill(i l)re+,.t'r;e PII_+IIP+'4 I+P+r+_ Ira,:,|erred Ir-m the cJn£+llP a+m.nihlv area Itl the re+it laciliti,.+. The
trllnP.lt.r o[ i'i)lnI_,neTlts i+_)r flit+, (]Pveh_pnlelH t.t+_mes Irq>ITl the assembly area ti_ the test facilities
is lit+<, {nv,ll+.t.d. [':nvir+,hlnenta} prt,tecthm reill als,_ he pr,,vided l, tile enl_+lles durinl_
tr:lll+lm+l'ti+Ig, handlinl_, and .,t,,ring t,f the ct,l_l),illeills P+111_enginP_ lti preveilt mechanit'a{
datn;ige and then'tic+it (Ieteric,rilti_,n thal c.uhl j(+q)ar+iize engine rPliah_litv.
All new pre+t, rvati-n, p.tcka_n+g and +,.hipl+in g de,+'ice_, l'.r b_,lh c_,ml)<ments and the
('omi)ielP ('ll+_+nP a.,.+emlily. ,._.ttl he (le>.+gned and lea, ted durinl_ the dPvl.h,l)ment plm,+e,_. Met h,+Is
t,f han+!lin_ and translu_r1+atl,_n sh,,uld h_+ e_t,hli_.hed early t,, pr<+vi(te cti+.l-elleclive pr_tt,('lit,n [t+r
en_illi.+ iin(I SUpl)_)rt itt, rn_ t_er the lir,,l.:ram lile cxcli,.
Service_,. hiil'tt_lirl., and +uplllie._ required t,, rl,n(hict ;i ll<ltenthil Calliihiliiv an(t adalihlhili -
t'l,' lir, ll_riil t,,r the I)'I'V li'll_ilil. |lit :llll>rllill( , <+r |llltlrt, >lilt( t, nli-+.i_m_, are li+,l t'_-Iilil+tlt'(t in ihe+.e
[ir, ll.:r;lili llllinilin7 t"+lilTi;ilt,_. _llt'h I".lintlill'_- '_,,lUl(I I)t+ furni,.ked _.hl,tild itlere tie +ti('ll
re<luirt, nll+ill '< in tin +_li_+Ulig l)i+_gl'iittl. 'la_.k a_.P.il_nllll,ill+ _+,til(t lit, in, lliil il(,l hnlill,<l l,_. lhe
fl,lh,wing il rl.il_,;
I. I)l'rl+lr nlallcl , In',l._.l i till I ii ,l'i+
'}. Tt.i'hn+,l-l,. _, hi',i..,.iigiili++n,, iin+l t"xllhirlil,,ry 'l't,_.l.+
:{. "l't, hich. lind (;+t +] _v+,-il, ill.,. Inxt'_.iil_ali.n++
4. l+]ri_int'l'rill_ Alllil_,_,i+ anll Fea,.ihility _indit+_,
_. Fllitint+ ,14<,luli_,n,. It, Vel/iclt.-(lril.:inaled l+r.hh, m.,..
-g
i+
i:
+
7.7 VEHICLE DESIGN AND TEST COORDINATION
7.7.1 General
I)uring Ih(, th.veh,tiint, nl ,,t tilt. (Irl,it,tl "l'ran>fer 'x't,hich+ Pncine. (lUe,.ti,,ns illltt I)r+,hlems
are I'Xllt'cll.tl I,, ari-i, _,.hi_h will alh.cl h,,ih the vehicle c.ntraci.r in the dt,_ehqlnlent uf the
vl,hi_'h, and the NA.'4A i.I Iht..+l)t.rathm .f the (FI'V. The <,retail _,ymtetn_, en+_ineering al>pruach
net,de_l il, lil+ikt + the ()TV ;ill ,,I)tor+itii,ll+ll +,,,llt'i'l,_.s ri,<luire.,_ tt+t. cl,n+lih, tl, clll,rdinath,n ill all
Itl+lllt'f. ',, lh;il ;itll'l'l Iht' I1,1:11 P4v+It'lll. I']ngineeril+;_ trade P.ttidie_+ t_rl Itle e,-tgine eann(it I)e
linilalt,riillx _+l.llh,it I.il ilili+..l liikl, ilil_, c_ui_.idl, rilli<,n lilt, inli,racli_)n.,- ,,,. i,p vehicle gild the
ll(.l+ll '. ill lhe l ;llx, t+rllllii.lll ;1+ lilt, il_l.r, Tll i iI_llrl. +lirt.cl lind lict-tir;itp ilnP+ (,I +'llmmlinit'llli(,no li
ll';ini t,I enl.tilit+l.rilig il.,rdill_ih,r.. ;ift, ilhillill.tt hir lift,, ellllrl in air (iliT(,ilil. llr<,griinl. .
7.7. I. 1 Change Coordination
I{t,tltliri.lnt,nl (',ll,r(liil;ilillll (;r,,till lit.hi i,llt.;ilit,t+r ', will lit, in remi(lent+e ill thP (;t,vi, rnn+ent
lacililit +- lind Illi, xt, hit h, ,.'linll'iitlltr +.,, lacihiitl>.. +tiill _ill l+llill;ltl lht+>,t + (-I.liler_. (iil ii i'_,lllinti,,li._
ha_.i_, it, i,li,.ilrt, ii (lirt,cl link ',viih I'_ _,VA I ;<,x,t,rllnll.lll lll'l,<hicl+,, lii'ciP, i+,n. ('l+,_,e cil<lr(tiriali+ln
lit,l'+,.i,(,ll rl..l(h,nl t,lll_illl.t+rs :illlt Iht, t tl'V I)rl,l_r;llll i_ ili;lilll_iilit,(t lhr(_u.,h l lie I{t,quJrt,n+lent++
('l,,iltllllilii,n (',r_,tlll ;ill(I I'r_,_r;ilil I']ll_iii(,l,rinl. +.
A,._.ii_lllnt,iil _llil (IPI) in-ht,u_.t' Inlt,rl:icl, ('l_,,r(tlniil<>r x_ilhin tht, ilt,Guirl.nii,nl.. (',H,rtlin;ill_ul
(iriiilll is lil+illilt,+t Ill h;lil,'lh, t,;il'li t't,lilt+l +,it lit.hi lit Ii', il_. th' I'('_++_il+,t'- lii'+ltilt+lli_ :l-+_<,i'iill t.<l v, ith lht,
(;(+,,t,rillll(,lll (,lit,rali,ql,.. cl,illt,r i_r xt,tii(l(, c,_iilr,lt.l_,r ,. lhr,,iil_h lht, I'r_+thit t _Ullll,_rl t"lil_int,er anti
+illlirlillrilil(, (;i,x.i,rlilill,lll xehich, lit,r_.l,ililt,I 'Nil + iillt,rl:lit, ('ll++i'(liit;ill,r x_ill lit, rl,..l,_,ii+il_,ll, t,,l"
r(,<'l.i,,+{n_ l)rllhlt,iil ,, i_l" <liit,.li,in. It, ill1 Ihl, iwhl Hii<t ;i-_l_,liili_ inlt,rlllll ;itlllili rt,-li,+tl,.itiililv l,+r
r;iliill rl,_.li_,il_,,t, I<, Iht, lit, hi. lit, l_ill ill>t, lit, rl,_.ll,,li..lllit, h+r iilli++lt ill ih,, rt,_i.r.t + ,<lirt,tti,,n _',ht, ll
ri'ltiiirt,lil(,nlP, t'×i>i h,r illll)riliiili_lll lrlilil Iliu I]l,l(I Ill P.til)l>,lrl tht, (l'l\" (+lll.{iilt, lti+l,Tialli,
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In performinR the_ ta._ks, the lnterf,_ce C_,rdinator will w_,rk ver_' closely with Prolzram
Engineering to ensu_ the proper re,_lx_n_,e tt_ hoth ficld and internal inf_rmali_n requirernent,_,
Organizath)ns _uch aR Desil:n. S_.'stem Analy,,is. Materi_tls. Ir, te_rated l,_,lzistics SUl)l_,r! (l[._l,
Maintennnce, and Reliability are the source oI" h==lh the dala t,_ be S_=l)l)liecl h_ the field and
P&WA requirements for data. Pr,,_ram l"_n_ineerinl_ will w.rk with the Interface ('_rdinat_,r_, in
I_+th tyl_'_ _f activity. The Interface C(mrdinat(_r and S)'.,.lem_ En_ineerin_ interact t() enable
data flow, assisti,'q¢ Program Management to make the required decl.,,i-ns with benefit _,f
visibility of p,_._ihle impact on vehicle and emzine ime_rat_,m \Vhen the need f_,r chan_:e ar=-.es
in the Interface C=mln_] [)(_cument or F.nlzine ._h_lel ._,pe_iflcati_,=_ in the _VllZ¢_inlz l)r,,gravn.
Program [-'nfzineerinl_ _i]l iniliate chanlze prol._._al- lhr_,ul:h a ,,,nll;tlratl,,n e_nlr-I .,.'¢slem.
7.7.1.2 Vehicle/Engine Integration
O1" the man_,' item. requiring c(_rdinati_)v_ helween I'&;VA and the vehicle contrach)r.
none i_ m_re iml_,rlanl lhan lhe intel..rati_)n _,t lhe engine _ith the vehicle _._,'._lem.Tht_uKh
eontr.l documents ._pecify many requirement_ and interface_, past enlI_ne installation ex-
r_rience has required an elTective ('_.,rdinati.n efl(,rt to maintain (le...i_n and hardware
schedule dates. The Field E_Kineers will c_.,rdtnate the details of engine installation, including
continual updating _)f the enl_me installation m_.'kul)S at the vehicle conlractor's plant._. Minor
configurati,m ('hanl:e cl_)rdina¢ion in either er, tzine or vehicle that lead t=, a he_ler and more
maintainable enl_ine instalh=lion is planned thn_ulzh the Fiehl Fngineer. Durin_ the onl_uinE
pro_ravn, en,_,ine ('heckout l)r=_'e(lure._ and vehicle checkout pr_cedures involving the enf_ine, to
be puhlished in the ('onlraelor'_ technical ptd_licalions, are to be s.pplied, reviewed, and
c(.)rdinaled as nece._ary b_,"the Fiehl l']ngineer.
A principal t(.d h, he u._ed to handh, inl(,rface inf_,rmati¢_n will be the same (',.,rdination
[;heel pr_'ed.re u.,,ed during the initial .'_tudy l)hase_, h is used t0 transmit q,aesli(ms and
replies between P&'_VA aml the NASA ¢_r the vehich, contrach_r. The coordinalion sheel will
also serve as a (',_nlr(=J document h) make .,,flee ;ill re(jilcSls ;ire Hnswere(|.
All P&WA ._Ul)l)_)rt elh)rt _hich w,.dd he ..l=lq)lied l,, ll_e ()'I'V pr,,_zram ::_ ,,l_erz_li,)nal _.ile_.
will he under lhe dire('li()n of the I)&WA ,_ile l{el)re.._,nlali_,,, The I'&W?, ,_tll),,-,rl h.arn will he
lathered t_ the needs of the l)roKram z,('livilv at the sile and _ill SUl_l_Iv h,,th h,l_i_.li(al and
lechnical SUpl)_rl.
Ix_id._ticnl SUl)l_rl func'ti.n_ tl.al are phmned t,, hc hlr_ishcd in ;,n _,n_,inl4 ,,l_rali_nal
program will include lhe wareh,)usinlz and invent,,rv c.ntn,l ,,f _._,l_l_,,rv l_;_rt_, l.'rl_rm;mre *,f
engine maintenance on installed el]Izines. _upl)_,r! t,_r the ol_eral,,,n _,I a _-ite engine .h,,l) t_
perform ,_econ(l.level maintenance. _,l_'rali_,n _icl m_dntenance _i engine (;_I'_. and ;i_isl;_nc(, t_
the vehicle conlrach)r on engine in_hdhilion _md rem¢_val, I'&\'_'A w_.ild l)r_,vi(h , q_,alilwd
personnel for engine inspection f.r qtlaJil', ('_,nlr,,l _,I' enl,'ine _ork _l('C,,Vnl_li_h_.d ,,n_,ile (_r _n
enRines and c,,ml_,,nenls received :_t lh(, ,..ile. held ,_(.r_ i¢e |{el_re_enl;lli_,c,. |r_,m I_&.V_'A. i'rivi_,,l
¢¢_mp_)nl.nl vend_,r_, nt'_d (;._]._ ,,.pecinli_.Is arl. planned t,, hi, p_irl ¢,I lhe l,,l_i_.l i(;d l.m h_ l_r_,,, ida
technical advice. _)v=.lhe-i,,h I r;_inin_, an_l inl,,rrnal i.n b,r di_c'rel_ar_rv r_,l_rt In_.
Technical SUpl.,r ! duriw_ ,,p,,rali_,n_ will I,_. SUpldi_'d hv l-'ich| l';n_in,._,v., l_erf,,rm_n(....
Enginet.r_. h_strtnvnentation l'_nl_ineer._, +n,lrl l)ata l{<.<h=cti,,n_ An;dv_.t+. P,(,view <,f (,n+tine (l;_t:_
fr,_m bolh f_H_-li=,n=,l and l)erf_rm;ince "-1;llldl_,,int._ t__tlld he ;,c(,_r.l_li_h_,d at th(, _iti. _,r _vhcn
m,_re det;dl,,d ;_n:,]v,_i., i_ req,lirl,d: lhe ..il- tvchni(_ll l_('r_-n_.l _ill tr;ll_-nd! tl,c cl_l;, _,, the
I)evelnl_melll l'h_l_'im.eri=:ll (;r_,up at I'&\VA,t;PI). ]{c_._llt_ ,_I ]'_..\VA l';l'l) iv_¢-ti_al=,,n_ ,,n
eilher engine clara ,_r vnal*.rial from the _q_('rali,,nal ._ih, will he rvp_,rv,,¢l h,=_.k ;_ int*,re-tc4
NASA ;lml _.hicle r_)ntr;,ch,r l_er_,,nnt, l at the site hv |'&';VA 'l'ichwlc,ll :_clvic_. ;in,i a..-_-l_,n_i.
on engine in_l;dlali_w, inl(,rl;lce, and operatio_,al l)rohh,n_-. _v_.d(l hi, _,,i_l_li,,_l hv lhl- ]'&\VA
Field En_incers.
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('_.Jrdinaliun _,f +,11 eugine activity _t the site with the vehicle contractor and the NASA
will I.. the resl.,nsibility t,f tile P&WA Field Engineer. It is anticipated thai prit.r !o the start
uf operations at tile site. an Ass(_'iate ('_mtractor A_reement (ACA) would be com_'leted
I_Plween P&WA and the vehicle c,ntractor(s). This document would specify the areas of
operation and task ,,_=._nsi|)ililies in all areas t)f engine/vehicle interface, such as installed
en._im, maintenance _tnd reduction (ff engine flight data rec<)rded on the vehicle on.board
rec,)rder. I'&WA c¢_mpleted such agreements on previ_us programs and found it very helpful
t, u,_e this approach in av_fiding overlaps _r oversil_hts in interfacing areas of responsibility. I3v
c.mpleting the At'A pri,,r t,, 'he start of operati.ns at a site, it w(_uld he passible for P&WA to
specilitally taih,r the s=te support service and makeup to n_e,-t program needs.
7.7.2 SupPort Services
_,,ne ,,I Ih,. servi( e,, th;*l are planned t+_ be supplied at each -peratmnal site by P&WA in
an _,n_,,inl¢ pr,,:;ram are re_iev, ed in the I.lh_winl_ paragraphs.
7.7.2. f _'.;.,Id ! evel Modifications, Repair and I_intenance
Field level engine modifications, repair. _nd maintenance at the -perati_mal sites could be
acc,mplishe(t hv I)&WA technicians _nd inspect.rs under the super_'ision of the P&WA Field
Service Representatives. "l'h,u,_h ent:it, e lechnit tans supplied bv NA._A. the vehicle c,mtractor.
-: a third Imrty are l)lmmed to he traine.| and supp<_rted by P&WA Servi_ e Represent:_tives at the
site. I'&WA en¢ine technicians and inspect<_rs c<,uhl be used nI the start +_f el)erfurt<ms e, nd
c,mtinue tmlil .perati,nal capability has heen established. This appr,,ach has a,a advm_lat+e
duriny Ihe I..n'_tH]d anti t]il_hl lesl pr,,_ram when engine maintenance procedures, operating
pr-cedures, and lechnical puhlicnti.ns are I+ein_ valid+,ted and revised. Technicians workin_
dir(.ct!v tt_r lhe eni+ine n_+mtHactllrer have direct lines _,f c,,mm_]nicati,,n I- rept_rl discrepancies
and receive in..tru('liun- I(_r c-rreclive a('li,,n. ['sin_ this appr,,ach tm the $1{.71 _.I,SY, I)r_ram.
I'&WA was able t. Ilnt'<_s.er and c,,rrect <q)erali,,l_al-t'_pe i)rt_Jllenls nlllch st+tHief ;tnd m_re
c,mH)h.lel ) than is n,_rmal in ,_new vehicle pr,,_ram.
*tainten_,nce ,,n installed en_ine_; _v+udd I)e acc_+mlflished in keepinlz _ith the a_reements
c,_ml)teled _ilh the vehicle c,,nlr._t't-r in _he Ass;,ciate ('<,ntrach,r A!:r,.ement. M_intenance un
uninq._lh.¢l eat.rues and (;SE _,uht he acc,,mplished in a silt. enl_ine sh_q) hv the engine
I(,('hl|it'ialls and illSiX,(+f()rs.
7.7.2.2 Checkout and Operation of Delivered Hardware
Assistance Io the vehich, c,,nlr_ct,,r ill the check-at and ,,pprati,,n ,ff the enl_ine will be
pr,,vided hv the engine maintenance team SUl)P<,rled hv ;] Field ._ervice l{epresentative and Field
l:n_ineer. F_n_ine-._ tented vehicle c-at ra<+t-r l+er..,,nnt, l ..h,,uld aIleud ,+he ,,I the en_i_+e t rainint:
I)r,,IZr;ltns pri_r t+_ +q+erati<,ns. I+)111,m_.ite Irainin C and lt.chnic+d assistance will he availal>le fr<,m
the P&WA I)ers<,nnel.
7.7.2.3 Removal and Replacement Documentation for Engine and GSE
I_etn,_x al and r(.placemenl _d (.n_ine and (;_I+_ c,,t+H+<,ltenls h,r nlilitll(+n;in<'e (_rrep:xir will h,.
acc,,mpli_.hed hx the ellKill(, lll;lilll('llilll(+l ' It';fill H-itl I" d,,( tllll('lltiili+Hl ;I _. rt.qtzir+'d and a_reed l,, i.
the Ass,,ciate (',)nlracl(_r A_ret,lllelll ;It+(l al)l)r-ved hv Iht' (',,,x t, rllmt.tlt. (',mfi_urnt h)n ;+c('+,t)Ill ill,_
t.ld (IHculnl'iHalic+n rt,sp-nP.ihilil) xv,,uhI I)e a:*,slltlII'd h'++ the ('ll_ille llIHillt(+ll;IIl('( ' It';tlll l',+l" i|Olll _+
_lllder Iheir +.',+lltr,+l t,_r Inailllenallt'e ++r repair.
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Z7.2.4 Planning mad Scheduling
Part icipat i(m in engine and vehicle plannit_ nnd s('hedulin_ a('t ivit ies fr,r maintenance and
operation would be the reslxmsibility of the P&WA Site Reoresenlatlve.
ZZ2.S Producl tntagril¥ Surveiihmce
Pr¢xiuct intel:rity surveilhmce (,f ..s,.ialed engine, t%,S_;, and vehicle interface ta.ks w, mld
be .,.upplied by the inspect-rs in the engine maintenant'e teatn _,r in -|)t,_ial t'ase,, h_.' Field
Engineers for all work n(c(m_pli,_hed hy the at, vine tnaintena_ue re:Ha On _,,rk ntc,,rnpli,.hed hv
other than the engine maintenance team, quality ¢-ntr.t _,urvetllance ;l_...i_.tance w_,uld I)e
supplied. Detail.,; .f product integrity resl._nsil)ili;_, in engine vehtcle intq,rlace ;_reas u.otlld he
spelled out in the Associate C(mlractor Agreement t,_ av-id _q_erali,,n d, ,,:flu-i-r_.
7.7.2.5 Discrepancy Followup
Engine. -r engine f;SE material flmnd discrepant, will he the subject .f an investigati.n
at the site by the Fieht Service Representative and Fiehl Ent:ineer. After c.mpleti.n .f the
hwal inve.,,tigati.n, the material, with the investit,'ati.n findings, will he h)rwarded to the
Service In,.'estigati.n Group at P&WA/t;I'D fi,r further review, as necessary, with the OTV
Development Engineerin_ Group. Resuhs of the findinv:s of either an o.asite or engine fact.ry
investigatt.n of engine discrepant material w(,uht I've reported to the (;.vernment. The same
inf,,rmati.n will be supplied to the (;overnn:ent and vehicle contractor personnel onsite by the
P&WA Site Represe,_tative.
7.7.2.7 Engine Flight Data Requirements
Enghw-.riented con.utmicati.ns, track|ate, and (lala acquisition required hy I)&.WA are
minimal and listed i,t the prelinfin,_ry lnterlbce ('.ntrol I)(,ct,mvnt. "l'htm_:h there ate about 14
seh.cted para,.,.ter_. ,,n the e]tgir_e which will supply it_ft_rrn:tti,,n on the em:ine's t,perati,m and
condition, all of these c;m I)e at.red .n the Orl)ital Transfer Vehich. flight rec.rder for study
after a flight. Speci:tl and extra engine in,.trumentali.n will he required f-r a few .f the early
flights durin_ lh{..perati.n;d pr.gram. The retriev;tl ,,f data fr,,m this flight te..t engine
instrnmentati.n re;i,. IH, accomplished hv an _m h(mrd rn;q:nelic tape recorder. Vehicle c,,ntrac-
t.rs v.enerally (x|..ct I. accept en_ine-sul_plied data ,.; lheir on-I.,;,rd flight recorders and
plan to he re..i_msihle I.r delivering the d;|la reduced from recorder tapes, it) the engine
e.ntractor after each flight. In keeping _,,ith the vehicle contract.r plans. P&WA would n.t
anticipate needing eh.ctr.nic data reducti.n t.quil)nlel_tt at the site hwati.n. If required. Data
Analysts. I'erf.rmance Engineers. and Fieht E,_gi,wers fr,,m the P&WA OTV En_ineerin_
SUl)porl Team w.uht ass!..t in pr_cessing the flight test data stnpplied h_' the vehicle data
pe.ple after each tlight .nd make the rest,Its available l_, the (..vernment and vehitle
engineers on the silt'.
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The IH.IO and its derivafives are the _)nly high perh)rmance upper stage engines that can
IW Oll.erali,mal in the 19h(l'_.
The RI.IO derivative engine has a specific impulse within 4', of all OTV advanced
engines.
RI.10 ,h,rivalive engines can pr_)vide the highest demo,'.,trated reliability for O'FV
appli_'a! h,ns.
An exl)ar_,l,'r cycle _'nlZine i,, inherently me)re reliable tl,an a stage(!-combusti_m cycle
engine F,,r I'xa,nl)h'. thl. _.ini_h. h_lln demonstrated relial',.lity-f Jhe advanced-expander
t'_,c.lt' engin(. __,n_id,.red in thi_ study is estimated to he O.[_T (a! FFC) while the
slal_ed c.,nhu_ti.n cych. enlzi_e is estimated to have demonslrated a reliability of 0.9898
4at FF'(').
There is m, signifi_'ant performance difference between advanced-expander and
M,_ged_c_qnhuMit_n ('yclt" engines.
The eMmnder cycle engine l)r(_ _de._ as much potential f,)r performance growth as a
:-,I;ig(-d ('l,ll'll)ils|i(lll ('y('lP engine fi)r ()TV aPl)licalinns.
..'t high thrn.,! eXl)ander cycle e,_gine pr.vides g_t perh_rmanee and h)ng life at h)w
Ihrm.t _q_er,lling _.ndili,,ns wilh i'1(_need fi)r killing.
There i_ a _ul_lanlial dilference in devehq)ment cost between the advanced-ex )ander
cvt'le all_.l M;iged-colnhuMil)n cycle engines.
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1. W_,rk should he initiated on RLI0 derivatixe e.gines to supp_rt a 1987 OTV (,perational
capahility. °
"2. Further OTV system dt.finhion wt,rk shCndd he acc.mplished to hetter define en-
gine/vehicLe interface requirements and sens;tivities in arras such as h_w thrust operating
requirements and full thrust NPSH levels.
3. ('omt>_,nent let'hnc_h+t&y prtpgrams sh<_uhl |>e initiat_.d in c<_mposite materials, the thrust
('ham)er/n_,zzle and hwl tl_rb, q_Uml) areas leading t_ a data base on these critical items
,_n which an advanced-expa.der ('yt'le engine design can |>e based.
4. "['he stagect-c_,mhusti-n cych. shouht he dn_pped from further e(msideratitm for advanced
OTV appiicalic,ns due h_ its c.mldexit+v, higher c<_st, h+wer reliability, and n<) significant
perl'_rmance dillerence when c<m+pared t_ an advanced-expander cycle t.ngine.
".+4Pc I'&WA FPSO.80, RLI0/iT.LI0 ])e_i_ative Engine i'r,_ram I'_r the i.qS0"s. 3 Msrch lg_).
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